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Abstract: The electrification of process industries is one of the main challenges when building a
low-carbon society since they consume huge amounts of fossil fuels, generating different emissions.
Heat pumps are some of the key players in the industrial sector of the carbon-neutral market. This
study proposes an approach to improve the economic feasibility of heat pumps within process plants.
Initial energy targeting with grand composite curves was used and supplemented with the detailed
design of an evaporator and a compressor for different condensation and evaporation pressures.
The trade-off between the capital cost of the heat pump and the electricity cost was investigated,
and optimal configurations were selected. This case study investigates the gas fractioning unit
of a polymer plant, where three heat pumps are integrated into distillation columns. The results
demonstrate that the heat recovery is 174 MW and requires an additional 37.9 MW of electricity to
reduce the hot utility by 212 MW. The selection of the evaporation and condensation pressures of
heat pumps allows 21.5 M EUR/y to be saved for 7 years of plant operation. The emission-saving
potential is estimated at 1.89 ktCO, /y.

Keywords: process integration; heat pump; heat exchangers; industry electrification; energy saving;
emission reduction; economic assessment

1. Introduction

The use of energy-saving technologies plays an important role in sustainable develop-
ment and reducing environmental impact. One such technology that has become widely
used is heat pumps.

A heat pump (HP) makes it possible to use low-potential heat sources and convert
them into high-potential heat that can be used in production processes and the integration
of renewable energies [1]. Heat pumps can be configured for different conditions and
production requirements, making them the ideal choice for a variety of industries.

The use of heat pumps plays an important role in achieving energy efficiency, reducing
the use of fossil energy resources, reducing negative emissions, and protecting the envi-
ronment. This enables industrial companies to reduce their ecological footprint, improve
market competitiveness, and contribute to sustainable development.

Heat pumps are used extensively in a variety of industries—primarily in the chemical,
processing, and food industries. The design strategy for a heat pump-assisted distillation
system was proposed many years ago [2], but its importance increased recently when
environmental issues became a hot topic. Van de Bor et al. [3] investigated the recovery and
upgrading of low-potential heat sources using HPs (to generate useful process heat) and
low-temperature heat engines (to generate electricity) and considered the relevance and
impact of wet compression on the performance of the HP. Yuan et al. [4] made a comparison
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of the specific energy consumption parameters of heat pump dryers, combustion-heated
dryers, and electrically heated dryers. Tveit studied the application of a high-temperature
HP and gave a comparative assessment of the reduction in CO, emissions from heat pumps
and boilers operating on natural gas using the example of a dairy plant [5]. Similarly,
Burne et al. [6] made a comparison of a heat pump water-heater (ASHPWH) system with
other options: a natural gas boiler, electricity, a liquefied petroleum gas (LPG) instant water
heater, and a solar water heater with an electric or natural gas backup for a dairy farm.

A case study on the brewing process [7] considers an HP system with two parallel heat
sources at different temperatures and times. The analysis of the proposed HP system shows
that the CO, production from the consumption of electrical energy is reduced by 60%.

The use of HPs is also widespread in the agricultural sector. An analysis of the
use of various types of HPs for heating greenhouses, heating water used for greenhouse
heating, heating water used for watering, and hot technical water preparation included
an assessment of the technical aspects and cost-effectiveness of implementation [8-10].
Heat pumps can also be used for district cooling in residential sectors during the summer
through the use of existing district heat systems [11]. Unal et al. [12] consider the energy,
exergic, exergoeconomic and exergo-environmental analysis of an underfloor heating
system integrated with the a geothermal HP. The authors investigate the distribution of
losses in the system over the elements of the system separately, and the equivalent CO,
emissions of heating a greenhouse with natural gas and an HP system was compared.
Chiriboga et al. confirmed the possibility of designing and building a coupled geothermal
HP [13]. Based on the results of the assessment of the energy potential of the solar and
geothermal sources, the energy balance in the greenhouse was calculated to determine the
parameters of the geothermal HP using the vapor compression cycle.

Using a coal-fired power plant as an example, Zhang et al. considered a cogeneration
system based on an organic Rankine cycle (ORC) and absorption heat pump (AHP) to
improve power output and heating capacity [14]. The efficiency analysis showed that this
cogeneration system can increase the power output and heating capacity of the plant. Cao
et al. compared the efficiency of different high-temperature HP systems to recover the heat
from wastewater from an oil field and produce hot water [15]. The analysis of the data
obtained on system energy consumption and efficiency provides recommendations for the
selection of a suitable heat recovery system with high heat output for industrial applica-
tions.

Another example of the application of an open absorption heat pump (OAHP) system
combined with flash evaporation for coal-fired flue gas is the work of Zhang et al. [16]. An
exergy analysis of the proposed schemes showed an improvement in the exergy efficiency
of the optimised systems.

Su et al. performed thermodynamic modelling and performance evaluation of a
heat pump dryer by combining liquid desiccant dehumidification and mechanical vapour
recompression [17]. The comparison of the working principles and the performance of the
proposed system and the reference system showed that the proposed scheme improves the
energy efficiency of the heat pump drying system.

The potential for using an HP with CO, as a working medium for the apple drying
process was considered in [18]. An analysis of the system simulation results showed that
the use of a closed-loop system is effective, but also leads to an increased drying time.

In the oil and chemical industry, it is common to use traditional distillation systems to
separate mixtures of liquids. However, this process requires considerable use of fossil fuels
as a heat source.

Waheed et al. looked at a de-ethanisation unit of a Nigerian refinery as an example
and enhanced the vapour recompression heat pump (VRHP) models that were developed
to reduce the heat loss and heat pump size [19]. These strategies are based on reducing the
heat differential across the heat pump by utilizing the process stream within the system,
the external process stream, and the utility streams.
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For the production of n-butyl acetate and isopropyl alcohol, Liu et al. proposed a heat
pump-assisted dividing wall column for a reactive distillation system and a heterogeneous
azeotropic distillation system [20]. HP-assisted dividing wall columns are beneficial for
cases where clean and highly effective electricity generation technologies are adopted and
long-term profitability is considered.

Long et al. proposed an energy-efficient sequence for the natural gas liquid fractiona-
tion process. A hybrid heat pump-assisted system with a side reboiler and was proposed
to maximise energy efficiency [21].

Long et al. considered different HP configurations to improve the energy efficiency of
distillation columns for separating R-410A and R-22 [22]. Top vapour superheating was
proposed for improving the performance of the HP configuration, as well as for protecting
the compressor from liquid leakage. The possibility of replacing the throttle valve with a
hydraulic turbine, which would reduce the operating costs, is being considered.

Zhu et al. analysed the separation process of a cyclohexane/sec-butyl alcohol/water
azeotropic mixture by extractive distillation [23]. The distillation process is optimised based
on a sequential and iterative optimization algorithm. For further energy saving, several
energy-optimised processes are proposed: the thermally coupled extractive distillation
process (TCED), the heat pump extractive distillation process (HPED), and the heat pump
combined with thermal coupling extractive distillation process (HPCWTCED).

Sulgan et al. reviewed the production of ethyl acetate using an HP and presented a
multi-objective evaluation based on energy requirements, economic analysis, and safety
analysis [24]. As a result, the use of HPs is highly recommended in both the conventional
process and in reactive columns with a separation unit. Since a higher level of process
integration is achieved with an HP, economic aspects are improved, but at the same time,
the safety aspects are worsened.

The application of HPs in the distillation process may be the solution for process
electrification. The case study by Boldyryev et al. analysed natural gas liquid processing
and assessed electrified thermal utility [25]. The targeting for appropriate HP placement
resulted in increased heat recovery and a reduction in energy cost by up to 41%.

Florian Schlosser et al. reviewed HPs and identified concepts for their integration
across industries and processes based on the grand composite curve (GCC) and demon-
strated the saving potential [26]. Kim et al. proposed an optimal heat exchange network
(HEN) with HPs in a wastewater heat recovery system in the textile industry [27]. The
authors considered a two-step approach to design a heat exchange network and made an
economic evaluation to minimise costs and maximise energy efficiency.

Case studies of a milk spray dryer by Walmsley et al. [28] and Gai et al. [29] focused on
the modelling and optimization of an HP for convective dryers considering pinch design
principles. Different schemes for the integration of the drying process were considered,
as well as the optimization of the operating parameters for maximum efficiency. Lincoln
et al. presented a fully electric milk evaporation system developed through an effective
Process Integration and Electrification design method [30]. A sensitivity analysis of the
final process design was conducted, which showed that it applied to a wide range of
operating conditions. Klinac et al. proposed a pinch-based Total Site Heat Integration (TSHI)
method, which is used for multi-level heat pump integration options at a meat processing
site [31]. The results of the Total Site approach in coke-to-chemicals demonstrated the
appropriate placement of HPs within inter-plant integration and showed a fast payback of
1.04 years [32].

Hegely and Lang conducted research and found that several levels of heat integration
allow the energy consumption of a bioethanol plant to be reduced [33]. With the external
energy demand and total annual cost of the different configurations, the authors concluded
that the application of a heat pump is not recommended because of its high investment cost.

Cox et al. investigated the technical and economic performance of high-temperature
heat pumps for use in the U.S. dairy industry [34]. A model was created to estimate the
coefficient of performance (COP), internal rate of return (IRR), net present value (NPV), and
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payback period (PBP). Capital costs, operations and maintenance (O&M) costs, heat pump
lifetime, electricity prices, natural gas prices, and the cost of carbon were varied to conduct
a parametric study of the factors affecting the break-even price of high-temperature HPs.

Lu et al. investigated a high-temperature cascade HP system using low-potential heat
from wastewater to produce steam for industrial processes, developing a mathematical
model of the system to analyse thermodynamic performance and economic efficiency [35].

Martinez-Rodriguez et al. considered the thermo-economic optimization with a solar
thermal-assisted heat pump and a storage system [36]. Here, two case studies were
considered as examples: the dairy industry and a 2G bioethanol plant. A thermal and
economic evaluation of the system was carried out to determine the supply of the heat load
at the required process temperature under different conditions and operating temperatures
in the evaporator. Based on the established thermodynamic states, the operating conditions
of each HP component were determined.

Studies by Chen et al. [37], Ziihlsdorf et al. [38], and Gémez-Hernandez et al. [39]
investigated the use of different types of refrigerants by comparing the performance of
HP systems in terms of economics: the total cost rate, investment and operating costs,
capital costs of equipment, cost of CO, penalty, energy and exergy efficiency, and NPV.
Gudjonsdottir and Infante Ferreira considered a wet compression-resorption heat pump
(CRHP) which operates NH3-H>O and NH3-CO,-H,O systems [40]. The simple pay-back
period for replacing an existing boiler with a CRHP system was calculated, depending on
gas and electricity prices forecasted, the total investment costs, the installation costs, the
annual fuel consumption costs, the operation and maintenance costs, and the capital return
coefficient. Urbanucci et al. proposed and analysed the integration of a high-temperature
HP into a trigeneration system [41]. An exergy analysis was carried out to compare the
proposed energy system with the traditional one (separate production, cogeneration, and
trigeneration). The economic evaluation was analysed using the methodology of the
present value of electricity.

Studies by Wolf et al. [42] and Zuberi et al. [43] consider the thermodynamic and
economic possibilities of using high-temperature and steam-generating HPs in the pulp
and paper, textile, and automotive industries. The costs of consumption, investment, heat,
and maintenance are compared, taking into account the energy price and interest rate.
Wu et al. proposed a capacity-regulated HTHP system using a twin-screw compressor
for waste heat recovery [44]. Here, an economic comparison is made between the HTHP
system and steam heating: the thermal power of energy consumption, unit price, operating
costs, capital costs, savings percentage, and payback period.

Gangar et al. [45] and Yang et al. [46] evaluated the technical and economic feasibility
of producing energy, steam, and regenerative low-potential heat energy using mechanical
vapour compression (MVC) heat pumps and absorption heat pumps, respectively. Lee et al.
present an extensive economic analysis and environmental impact assessment of heat
pump-assisted distillation under different conditions and scenarios: feed composition,
plant capacity, and fuel price [47]. Capital and operating costs, the percentage of energy
savings, the payback period, and the total annual costs were calculated and a sensitivity
analysis were performed.

Hou et al. considered the optimization of tobacco-drying HPs in recovering waste
heat from a monocrystal silicon furnace [48]. The issue was analysed from the energy
and economic side, investigating the influence of the heat exchange area on the system
performance. A thermo-economic and economic model of the system was developed and
experimentally verified.

The widespread use of HPs is also due to their positive impact on the environment.
For example, in cyclohexane/sec-butyl alcohol/water azeotropic separation systems, the
use of the heat pump extractive distillation process and heat pump combined with thermal
coupling extractive distillation process can reduce CO, emissions by 77.07% and 81.08%,
respectively [23]. Hegely and Lang carried out an optimization of the higher pressure of the
pressure-swing distillation of a maximum azeotropic mixture of water—ethylenediamine
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and came to the conclusion that using vapour recompression heat pumps is very favourable
environmentally: CO, emissions and Eco-indicator 99 are reduced by 44 and 95%, respec-
tively [49]. Liu et al. studied the production of n-butyl acetate and isopropyl alcohol and
showed that CO, emissions, which are associated with primary energy demands, can be
reduced by using heat pump-assisted dividing wall columns, especially when renewable
resources such as hydropower are used to produce electricity [20]. Lee et al. assessed
the environmental impact of using heat pump-assisted distillation in a gas fractionation
unit. By switching to an alternative configuration using a heat pump, the greenhouse gas
emissions can be reduced by 81% (splitter) and 32% (de-propaniser) compared to those
of conventional distillation [47]. Jankovi¢ et al. reviewed a process for improving the
downstream processing of bioethanol obtained from syngas fermentation. The authors
concluded that the implementation of the heat-integrated system and heat pump resulted
in a 62.4% reduction in cooling water demand, and reduced total CO, emissions by 60.4%
and 82.6% for grey and green electricity, respectively [50].

The analysis underlines the prospective application of HPs in industrial production
belonging to different branches. Thus, it is shown that the majority of researchers are inter-
ested in the conjugate decision on questions regarding increasing the efficiency of thermal
installations and the achievement of ecological stability. In terms of their performance,
heat pumps markedly exceed almost all other available technologies, and the feasibility
of their application is confirmed by technical and economic calculations by comparing
many parameters.

The core contribution of this study lies In its targeted, in-depth exploration of the
integration of heat pumps within the entire petrochemical process. The subject of heat
pump integration has been extensively studied in industrial contexts, but this work tries
to fill a significant gap in the existing literature by focusing on the economic trade-off
and untapped potential for appropriately targeting heat pump integration in applying
different pressure in evaporators and condensers. This work analyses the application of
HPs within the industrial processes, updating the targeting procedure based on a GCC.
Different condensation and evaporation pressures of HPs are used for the detailed design
of HP heat exchangers. The trade-off between energy cost and capital cost for obtaining a
detailed configuration of heat pumps is analysed and the best economic solution is selected.
It is applied for the gas fractioning process of polymer plants, where three heat pumps are
analysed, utilising the waste heat of distillation column condensers to column reboilers.
The results of the case study provide the background for the discussion on the authors’
hypothesis on improving the economic feasibility of the application of HPs.

The remaining parts of this paper give the framework and a description of the method
(Section 2), followed by case studies on the gas fractioning process of polymer plants
(Section 3), a discussion of the results in Section 4, and the conclusions.

2. Materials and Methods

The method proposed in the current study is based on the scientific hypothesis that
there is a trade-off between energy and capital costs when applying heat pumps to indus-
trial processes. The application of heat pumps in distillation columns is more complex due
to the phase changes of the heat carriers on both sides of the heat exchanger. The reduced
capital costs, energy costs, and total annual cost of heat pumps are analysed for different
condensation and evaporation temperatures/pressures of the refrigerant.

The algorithm of the proposed methodology is as follows:

1. A definition of the process streams that should be heated and cooled by the heat pump
with the use of the GCC (Figure 1);

2. The placement of the heat pump and the initial energy targets for both thermal energy
and power, specifying the current (ATy,;) between process and utility (refrigerant);

3. A simulation of the heat pump in the Aspen HYSYS 12 [51] environment under an
acceptable pressure drop in the condenser and reboiler;
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PN

10.

The calculation of the detailed configurations and capital costs of the condenser and
reboiler based on the simulation results;

The calculation of the compressor’s capital cost;

The calculation of the annualised capital cost of the HP equipment using the cost factors;
The calculation of the total annualised cost (TAC);

Changing the refrigerant pressure in the compressor inlet/outlet and a repetition of
the previous steps;

The selection of the HP configuration with min TAC;

Performing a sensitivity analysis of the results by applying different electricity prices.

—— Grand Composite Curve

— Ultility Profile
T[°C] Steam
—

\ t,., Condenser

N,

Evaporator

Cooling water

0 AH [kW]

Figure 1. Different options for HP integration within industrial processes.

The minimum total annual cost was found for three heat pumps integrated into the

natural gas liquid process plant. The costs were assessed by changing the evaporation
and condenser pressure of the heat pumps. The cost correlations were investigated in
the pressure range constrained by the process stream requirements from one side. For
the evaporators, the minimum acceptable pressure is limited by a minimum acceptable
pressure that is recommended to be no less than ambient pressure to avoid the injection of
ambient air into the heat pump circuit. For condensers, the high pressure was selected at
150% of the initial pressure found from targeting with the grand composite curve.

The algorithm is based on the following mathematical formulations:
Mass and heat balances are calculated from Equations (1) and (2).

] ]
YoM = 3" MPU 4 Mg (1)
j=1 =1

S ! ]

Y (M) £ Y W= 3 (B MO )+ Quosses @)

j=1 i=1 j=1

The heat transfer area is defined for shell-and-tube heat exchangers from Equation (3):

Q = UAAT Ft 3)
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where Ft is equal to 1 for a full counter-current and AT}y, is defined in Equation (4):

_ (TinH — ToutC) — (ToutH - TinC)
ATLM o Zn (TinH_TourC) (4)

(ToutH - TinC)

The overall heat transfer coefficient is defined by the film of condensation outside a
horizontal tube with Kern correlations [52]:

1
k3 pZ AHVAPg B
= 0.725( ~LLL—7200
he = 0.725 ( dolLAT (5)
and the evaporation of kettle and horizontal thermosyphon reboilers is due to [53]
P\ 017
hnp = 0.182P267407 () (6)
Pc

The detailed designs of the condenser/reboiler and its price were found with the
Aspen EDR Heat Exchanger software V12.
The COP of the HP was found from simulation results in Aspen HYSYS:

_ QurtW

COPpp W

@)
The capital cost of the compressor was estimated based on Chemical Engineering
Indexes and Marshall and Swift using Equation (8):

0.46
CAPEX cony = 98,400 355 ) )£ (1)-Fm) ®)

where f(m) is the correction factor for the construction materials, f(p) is the correction
factor for the design pressure, and £(t) is the correction factor for the design temperature.
The selected correlation accounts for the material of the compressor and the pressure and
temperature levels; moreover, the correction factor is used for the capital cost assessment
to provide a conservative cost estimation.

The annualised capital cost of the HP was obtained from the condenser, evaporator,
and compressor costs using the fractional interest rate (FIR), loan period (NY), and Lang
factor (Lang). The Lang factor accounts for the cost of installation, piping, the control
system, insulation, engineering fees, and other costs.

NY

ACC = (CAPEXcomp + CAPEX cong + CAPEXEy,p)-Lang- (:m) )

The energy cost was found using the electricity target of the HP and the average
electricity cost:
EC=W-c (10)

The TAC was calculated based on the capital cost and energy cost obtained from
Equations (9) and (10).
TAC = ACC+EC (11)

3. The Case Study
3.1. Process Description

This case study examines the streams of the gas fractioning unit of the polymer plant
and integrates three heat pumps into the process to electrify the thermal utility for the
further use of renewable energies. This study examines the operation of three heat pumps
using Refrig-21 as a refrigerant, a dichlorofluoromethane with the formula CHCI2F a
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molecular weight of 102.9, a normal boiling point of 8.9 °C, and an ideal liquid density of
1363 kg/m?3. Tt is a colourless and odourless gas.

HP-1: The refrigerant vapour flow with a temperature of 57.26 °C and a pressure of
480 kPa enters the compressor, where the refrigerant vapour is compressed to 900 kPa. From
the compressor, the refrigerant with a temperature of 96.31 °C is directed to the condenser,
where the refrigerant is cooled and condensed due to heat exchange with heat consumers
(flow with a temperature of 79.97 °C and a pressure of 1011 kPa). The condensed liquid
refrigerant with a temperature of 82.29 °C and a pressure of 895 kPa passes through the
control valve, where the refrigerant is throttled. Next, the refrigerant with a temperature
of 57.65 °C and a pressure of 485 kPa enters the evaporator. The refrigerant evaporates,
giving off the heat of evaporation to cold consumers (flow with a temperature of 66.46 °C
and a pressure of 907 kPa).

HP-2: The refrigerant vapour flow with a temperature of 52.37 °C and a pressure of
420 kPa enters the compressor, where the refrigerant vapour is compressed to 900 kPa. From
the compressor, the refrigerant with a temperature of 99.30 °C is directed to the condenser,
where the refrigerant is cooled and condensed due to heat exchange with heat consumers
(flow with a temperature of 79.97 °C and a pressure of 1011 kPa). The condensed liquid
refrigerant with a temperature of 82.29 °C and a pressure of 895 kPa passes through the
control valve, where the refrigerant is throttled. Next, the refrigerant with a temperature
of 52.80 °C and a pressure of 425 kPa enters the evaporator. The refrigerant evaporates,
giving off the heat of evaporation to cold consumers (flow with a temperature of 57.35 °C
and a pressure of 1911 kPa).

HP-3: The refrigerant vapour flow with a temperature of 45.94 °C and a pressure of
380 kPa enters the compressor, where the refrigerant vapour is compressed to 2000 kPa.
From the compressor, the refrigerant with a temperature of 157.9 °C is directed to the
condenser, where the refrigerant is cooled and condensed due to heat exchange with heat
consumers (flow with a temperature of 99.06 °C and a pressure of 775 kPa). The condensed
liquid refrigerant with a temperature of 120.8 °C and a pressure of 1995 kPa passes through
the control valve, where the refrigerant is throttled. Next, the refrigerant with a temperature
of 46.43 °C and a pressure of 355 kPa enters the evaporator. The refrigerant evaporates,
giving off the heat of evaporation to cold consumers (flow with a temperature of 54.33 °C
and a pressure of 1914 kPa).

The thermal and physical properties of all process streams were simulated in the
Aspen environment with the Peng—Robinson fluid package. The simulation details of the
heat pumps are shown in Figure 2. The properties of the process streams are shown in
Table 1. Parameters of condensers, reboilers, and compressors of heat pumps are presented
in Table 2. The material and energy balances of the heat pumps are presented in Table 3.
The interconnection between all three heat pumps and the PFD of the investigated natural
gas liquid plant is shown in Appendix A, Figure Al.

— <« —
Control
valve
to cold
consumer to heat
consumer
to to
compressor condenser
e o L
— —
Evaporator & ! Condenser
Power to
Compressor compressor

Figure 2. PFD of heat pumps simulated in Aspen Hysys 12.
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Table 1. Composition of process streams.

Component Mass Fractions

Streams Mass Flow, kg/h
Ethane  Propane i-Butane n-Butane i-Pentane n-Pentane  Refrig-21
HP-1
To condenser 1,867,979 - - - - - 1.0000
To cold consumer 1,146,672 - 0.0364 0.5551 0.4085 - -
To heat consumer 1,297,954 - - - 0.9987 0.0013 -
HP-2
To condenser 389,690 - - - - - 1.0000
To cold consumer 254,492 0.0159 0.9092 0.0718 0.0032 - -
To heat consumer 272,854 - - - 0.9990 0.0010 -
HP-3
To condenser 1,493,798 - - - - - 1.0000
To cold consumer 761,491 0.0116 0.9863 0.0021 - - - -
To heat consumer 1,131,018 - - - - 0.4105 0.3355 0.2540
Table 2. Parameters of the heat pump equipment.
Parameters Evaporator Condenser
HP-1 HP-2 HP-3 HP-1 HP-2 HP-3
Duty, kW 95,889 19,703 62,185 106,692 22,430 82,863
Tube side feed mass flow, kg/h 1,867,979 389,690 1,493,798 1,867,980 389,690 1,493,798,
Shell side feed mass flow, kg/h 1,146,672 254,492 761,491 1,297,954 272,854 1,131,018,
Tube inlet temperature, °C 57.65 52.80 45.44 97.07 99.30 138.12
Tube outlet temperature, °C 58.00 52.37 44 .95 82.29 82.29 106.04
Shell inlet temperature, °C 66.46 57.35 54.35 79.97 79.97 99.06
Shell outlet temperature, °C 62.97 54.00 47.83 79.80 79.81 102.30
Tube inlet pressure, kPa 485 425 345 900 900 1500
Tube outlet pressure, kPa 480 420 340 895 895 1495
Shell inlet pressure, kPa 907 1900 1914 1011 1011 775
Shell outlet pressure, kPa 902 1906 1909 1006 1006 770
Compressor
HP-1 HP-2 HP-3
Power, kW 10,804 2727 20,678
cor 9.88 8.22 4.01
Table 3. Mass and energy balance of heat pumps.
Inlet Streams Outlet Streams
Stream name Mass flow, kg/h Energy flow, kW Stream name Mass flow, kg/h Energy flow, kW
HP-1
To cold consumer 1,146,672 —704,091 To cold consumer 1,146,672 —799,979
To heat consumer 1,297,954 —864,174 To heat consumer 1,297,954 —757,482
Power to compressor 10,804
HP-2
To cold consumer 254,492 —166,615 To cold consumer 254,492 —186,317
To heat consumer 272,854 —181,666 To heat consumer 272,854 —159,236
Power to compressor 2727
HP-3
To cold consumer 761,491 —500,131 To cold consumer 761,491 —562,317
To heat consumer 1,131,018 —772,202 To heat consumer 1,131,018 —689,339
Power to compressor 20,678
Total flow 4,864,481 —3,154,670 Total flow 4,864,481 —3,154,670
Imbalance 0.00% —8.14 x 107%%
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3.2. Scenarios

3.2.1. Scenario 1: Constant Pressure at the Evaporator and Varied Pressure at the Condenser
This scenario considers the constant pressure and temperature of the refrigerant at the

evaporator outlet. The inlet pressure at the condenser is varied, which affects the energy

utilisation, power consumption, and COP of the heat pump. The data for scenario 1 are

presented in Table 4.

Table 4. Data for scenario 1.

HP-1 HP-2 HP-3
Start point Endpoint Start point Endpoint Start point Endpoint
Evaporator
Inlet pressure, kPa 480 420 340
Evaporation temperature, °C 57.26 52.37 44.95
Condenser
Inlet pressure, kPa 900 1300 900 1300 1500 1900
Condensation temperature, °C 82.29 99.08 82.29 99.08 106.00 118.11
Compressor
Power consumption, kW 10,808 17,934 2.727 4.234 20,678 25,020
cor 9.87 5.95 8.22 5.30 4.01 3.31

3.2.2. Scenario 2: Constant Pressure at the Condenser and Varied Pressure at
the Evaporator

This scenario considers the constant pressure and temperature of the refrigerant at
the condenser outlet. The outlet pressure at the evaporator is varied, affecting the energy
utilisation, power consumption, and COP of the heat pump. The data for scenario 2 are
presented in Table 5.

Table 5. Data for scenario 2.

HP-1 HP-2 HP-3
Start point Endpoint Start point Endpoint Start point Endpoint
Evaporator
Inlet pressure, kPa 480 101 420 120 340 101
Evaporation temperature, °C 57.26 9.55 52.37 13.13 44.95 8.53
Condenser
Inlet pressure, kPa 900 900 1500
Condensation temperature, °C 82.29 82.29 106.00
Compressor
Power consumption, kW 10,808 33,442 2727 6549 20,678 34,035
COP 9.87 3.19 8.22 3.43 4.01 244

3.2.3. Scenario 3: Both the Evaporator and Condenser Pressure of the Heat Pump
Are Varied

Simultaneous pressure reduction in the evaporator and pressure increase in the con-
denser are applied. These changes affect the configuration of the condenser and the power
consumption and COP of the heat pump.

The data for scenario 3 are presented in Table 6.

10
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Table 6. Data for scenario 3.

HP-1 HP-2 HP-3
Start point Endpoint Start point Endpoint Start point Endpoint
Evaporator
Inlet pressure, kPa 480 101 420 120 340 101
Evaporation temperature, °C 57.26 9.55 52.37 13.13 44.95 8.53
Condenser
Inlet pressure, kPa 900 1300 900 1300 1500 1900
Condensation temperature, °C 82.29 99.08 82.29 99.08 106.00 118.11
Compressor
Power consumption, kW 10,808 40,234 2727 8089 20,678 38,502
cor 9.87 2.65 8.22 2.77 4.01 2.15

3.3. Variables and Constraints

For the economic assessment of the HP operation parameters, the following variables

were used:

Y = 8670 h;

Lang =4.72;

FIR =0.1;

NY =7 years;

Ce min = 0.12 EUR/kWh (minimal EU price), ce avg = 0.21 EUR/kWh (average EU price),
Ce max = 0.39 EUR/kWh (maximal EU price) [54];
Condenser pressure;

Evaporator pressure;

Compressor power;

COp;

Heat transfer area of the condenser;

Heat transfer area of the evaporator.

The next constraints were used:

Minimum pressure at the compressor inlet: 101.3 kPa;
Maximum pressure at the compressor inlet of HP-1: 480 kPa;
Maximum pressure at the compressor inlet of HP-2: 420 kPa;
Maximum pressure at the compressor inlet of HP-3: 380 kPa;
Minimum pressure at the compressor outlet of HP-1: 900 kPa;
Minimum pressure at the compressor outlet of HP-2: 900 kPa;
Minimum pressure at the compressor outlet of HP-3: 2000 kPa;
The acceptable condenser pressure drop (tubes/shell) is 5 kPa;
The acceptable evaporator pressure drop (tube/shell) is 5 kPa;
Compressor efficiency (adiabatic) is 75%;

Heat exchanger type is shell-and-tube for both evaporator and condenser;
Tube type is plain;

The tube material is carbon steel.

The design and cost of the condenser and evaporator were selected using the Aspen

Exchanger Design & Rating application. The next Aspen databases were used for a capital
cost assessment of the condenser and evaporator [55]:

D_EXPRIV.PDA Private properties chemical databank properties;
D_IDPRIV.PDA Private properties chemical databank index;
D_VAPRIV.PDA Private properties chemical databank properties;
N_MTLDEEPDA Default materials for generic materials (ASME);
N_MTLDIN.PDA Default materials for generic materials (DIN);
N_MTLCDP.PDA Default materials for generic materials (AFNOR);
N_PARTNO.PDA Part number assignment for the bill of materials;

11
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e  N_PRIVLPDA Private properties materials databank index;

e N_PRIVP.PDA Private properties materials databank properties;
e N_STDLAB.PDA Fabrication standards, procedures, costs, etc.;
e N_STDMTL.PDA Fabrication standards as function of materials;
e N_STDOPR.PDA Fabrication operation efficiencies;

e N_STDWLD.PDA Fabrication welding standards;

e N_STDPRC.PDA Private materials prices.

4. Results and Discussion
4.1. Heat Pump 1
4.1.1. Average Electricity Price

The results of the TAC assessment of HP-1 for all three case studies are presented
in Figure 3. The correlation of scenario 1 has a minimum TAC at a condenser pressure
of 1050 kPa and the overall trend has extremum (Figure 3a). The heat transfer area of
the condenser decreases due to the increase in the condensing pressure and temperature
driving forces. The evaporator heat transfer area also decreases due to a reduction in the
evaporator’s heat duty. At the same time, the power consumption and compressor cost
increase and, when the condenser pressure is above 1050 kPa, starts dominating in the
capital cost share; the TAC also increases. These changes in capital cost distribution can
be illustrated in Figure 4a. The correlation of scenario 2 shows that the TAC increases
from the starting point of the condensing pressure 480 kPa to the endpoint of 101.3 kPa.
The condenser cost dominates due to low driving forces and, as a result, the high heat
transfer area of the condenser. The increase in driving force in the evaporator reduces its
heat transfer area and capital cost when the pressure decreases from 480 kPa to 250 kPa.
However, a further evaporator pressure decrease from 250 kPa to 101 kPa increases the heat
transfer area due to it depending more on the stream velocity. The increases in the power
consumption and compressor cost are not compensated for. The capital cost distribution
of scenario 2 is represented in Figure 4b. The TAC in scenario 3 has also an increasing
trend from the starting point to the end, when both the condensation and evaporation
pressure are changed. The heat transfer area and capital cost of the condenser decrease as
the condensation pressure increases, similar to scenario 1. The heat transfer area behaviour
in the evaporator is similar to scenario 2. Changes in both the evaporator and condenser
pressures do not compensate for the increase in electricity consumption and capital cost of
the compressor, which is shown in Figures 4c and 5c. The minimum TAC of HP-1 of all
three case studies occurred in scenario 1, and it is 33.26 M EUR .

The capital cost distribution between the compressor, evaporator, and condenser
is shown in Figure 4. In scenario 1 (Figure 4a), the share of capital cost shifts between
the condenser and compressor, while the evaporator cost remains almost the same from
calculation point 3. The minimum TAC is observed for calculation point 4 (Figure 4a).
The evaporator cost dominates in scenario 2 (Figure 4b) while decreasing the evaporation
pressure. The share of the evaporator cost is between 62 and 72%. The compressor cost in
scenario 3 (Figure 4c) is the highest in capital cost share and increases due to COP reduction.

The total cost share is shown in Figure 5, and the energy cost is about 50% for two
calculation points; further, the decrease in COP energy cost is determinative. The minimum
TAC of heat pump 1 is shown in Figure 5a, point 4, and the share of the energy cost is 72%.

12
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Figure 3. Total annual cost correlation of heat pump 1 for average electricity price: (a) scenario 1;
(b) scenario 2; (c) scenario 3.
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Figure 4. Capital cost allocation of heat pump 1: (a) scenario 1; (b) scenario 2; (c) scenario 3.
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Figure 5. Total cost distribution of heat pump 1 for average electricity price: (a) scenario 1;
(b) scenario 2; (c) scenario 3.

4.1.2. Sensitivity for Min and Max Electricity Prices

A basic analysis of all heat pumps was performed for the average electricity prices
in the EU. Additional assessments were also carried out for the minimum and maximum
EU electricity prices to see the sensitivity of the obtained results. Reducing the energy
price moves the extremum of the TAC trendline of scenario 1 into the higher compressor
pressure (Figure 6a), but the minimum of the calculation remains at the same point for a
condensation pressure of 1050 kPa. The increase in energy price moves the min TAC point
to a condensation pressure of 900 kPa, with an overall increasing trend (Figure 6b). The
changes in the total cost share of case study 1 for the min and max energy prices are shown
in Figure 7.

Changes in energy prices do not affect seriously the TAC cost trend of HP-1 in sce-
nario 2, which is demonstrated in Figure 8; the minimum value remains for the condenser
pressure of 480 kPa. The shares of energy and capital cost are shown in Figure 9.

The reduction in energy price affects the results of scenario 3 for HP-1, and an ex-
tremum appears for calculation point 3, with an evaporation pressure of 400 kPa and
a condensation pressure of 1000 kPa (Figure 10a). This case can be seen in Figure 11a,
and the share of the energy cost is 60%, which is less than that for the min TAC with
average electricity prices. The increase in energy prices does not influence the nature of the
trend line.
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Figure 9. Total cost distribution of heat pump 1 for scenario 2: (a) min electricity price; (b) max

electricity price.

£55 €160
¥|=0.0542x - 0.1843x? - 0.3639x + 29.781
£50 R?=0.9211 o y = 0.0748x%- 00692 + 4.8265x + 47.816
g £140 e »
L €45 < -
2 2 S €120
E e £
4 E 4 K
E . S €100 -
T €35 3 [ 2
c (S = o
z S €80 Ll
€30
[ ]
P €60 )
¢
£20 €40
0 2 4 6 8 10 0 2 4 6 8
Calculation points Calculation points
(a) (b)
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Figure 11. Total cost distribution of heat pump 1 for scenario 3: (a) min electricity price; (b) max
electricity price.
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4.2. Heat Pump 2
4.2.1. Average Electricity Price

The correlation of the TAC for HP-2 is more complicated than for HP-1. Figure 12
demonstrates the min TAC for scenario 1 (Figure 12a) and scenario 3 (Figure 12c), but
scenario 3 has a more apparent extremum. The heat transfer area of the condenser decreases
with the increase in the condensation pressure. The evaporator heat transfer area is not
consistent with the heat duty reduction, and the compressor power increases with the
condensation pressure increase. This is illustrated in Figure 13a. The trade-off can be found
for a condenser pressure of 1050 kPa and an evaporator pressure of 420 kPa. In scenario
3, the extremum is more apparent due to the compressor cost dominating the capital cost
distribution and energy cost in the total cost share. The heat transfer of the condenser
and evaporator decreases; however, the evaporator heat transfer area slightly increases
for pressures from 170 to 120 kPa due to a stream velocity reduction. This is illustrated
in Figures 13c and 14c. The TAC in scenario 2 (Figure 12b) has an increasing trend but a
decreasing evaporation pressure. The condenser cost is constant and dominates in this
scenario and the TAC correlation has an increasing trend, and a small decrease in the
evaporator heat transfer area is compensated for by the increase in the compressor cost and
power consumption (Figures 13b and 14b). The minimum TAC is found for scenario 1, and
itis 8.56 M EUR for a condensation pressure of 1050 kPa and an evaporation pressure of
420 kPa. The minimum TAC of scenario 3 is 8.77 M EUR , which is very close to the first
one, and it is found for a condensation pressure of 950 kPa and an evaporation pressure of
390 kPa.
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Figure 12. Total annual cost correlation of heat pump 2 for average electricity price: (a) scenario 1;
(b) scenario 2; (c) scenario 3.
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Figure 13. Capital cost allocation of heat pump 2: (a) scenario 1; (b) scenario 2; (c) scenario 3.
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Figure 14. Total cost distribution of heat pump 2 for average electricity price: (a) scenario 1;
(b) scenario 2; (c) scenario 3.
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The distribution of capital cost shows the highest share of the condenser cost for
scenario 2 (Figure 13b) and an increasing share of the compressor cost for scenario 3
(Figure 13c). The distribution of the equipment cost for scenario 1 is not linear (Figure 13a).
The condenser cost decreases while the compressor and evaporator cost fluctuate.

The shares of energy and capital cost for scenario 2 are shown in Figure 14. It should
be noted that the share of energy cost for the case studies with an extremum of TAC is 68%
for scenario 1 (point 4) and 62% for scenario 3 (point 2).

4.2.2. Sensitivity for Min and Max Electricity Prices

The investigation of the results for scenario 1 obtained for the max EU electricity
price demonstrates that the minimum TAC is observed for a condensation pressure of
950 kPa (Figure 15b). The min electricity price does not significantly affect the results of
scenario 1 and the min TAC remains at 1050 kPa (condenser), confirmed by the correlation
in Figure 15a. The share of the energy cost for the solutions with the min TAC of HP-2 is
54% for the min electricity prices and 71% for the max EU electricity prices (Figure 16).
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Figure 15. Total annual cost correlation of heat pump 2 for scenario 1: (a) min electricity price; (b) max
electricity price.
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Figure 16. Total cost distribution of heat pump 2 for scenario 1: (a) min electricity price; (b) max
electricity price.

The results of scenario 2 for the max and min EU electricity prices are shown in
Figures 17 and 18. The min energy prices move the min TAC point to an evaporation
pressure of 380 kPa, but the extremum is not strongly marked. The max energy prices do
not significantly affect the TAC trendline.
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Figure 17. Total annual cost correlation of heat pump 2 for scenario 2: (a) min electricity price; (b) max
electricity price.
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Figure 18. Total cost distribution of heat pump 2 for scenario 2: (a) min electricity price; (b) max
electricity price.

The results of scenario 3 for the min energy prices shift the min TAC to point 3
(condensation pressure: 1000 kPa; evaporation pressure: 340 kPa) (Figure 19a). The max
energy prices remain at the min TAC in the same process condition (Figure 19b). The share
of the energy cost is 61% for the min electricity price and 76% for the max electricity price

(Figure 20).
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Figure 19. Total annual cost correlation of heat pump 2 for scenario 3: (a) min electricity price; (b) max
electricity price.

20



Energies 2024, 17, 951

Total cost share Total cost share

100% 100%

90% 90%

o 80%

3 70%

60% 60%

3 50%

3 40%

30% 30%

3 20%

3 10%

0% 0%
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

® Annual Capital Cost ~ ® Annual Energy Cost HTotal capital (reduced)  m Total Yearly Energy

@) (b)

Sy @
§ 8

s @
g8

R
§ 8

Figure 20. Total cost distribution of heat pump 2 for scenario 3: (a) min electricity price; (b) max
electricity price.

4.3. Heat Pump 3
4.3.1. Average Electricity Price

The investigation of the TAC results for all scenarios of HP-3 shows that the correlation
is monotonous and increases when the condensation pressure increases or the evaporation
pressure decreases. This is well-illustrated in Figure 21. The heat transfer area of the
condenser decreases with the increase in condensation pressure in the whole investigated
range from 1500 kPa to 1900 kPa, due to an increase in the driving forces of heat transfer.
The evaporator heat transfer area reduces the evaporation pressure from 340 to 180 kPa
and increases it from 180 to 101 kPa. This can be justified by the effect of stream velocity
and driving forces for different pressure ranges. However, the capital cost and TAC are
mostly defined by compressor cost and energy cost. The situation is the same for the capital
cost distribution, where the share of the compressor increases as the condenser pressure
increases and the evaporator pressure reduces (Figure 22). There is a high share of energy
cost in the TAC for all three scenarios, and this value is more than 80% (Figure 23). It can
be justified by the low COP of HP-3 in comparison to the two previous ones.
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Figure 21. Total annual cost correlation of heat pump 3 for average electricity price: (a) scenario 1;
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Figure 22. Capital cost allocation of heat pump 3: (a) scenario 1; (b) scenario 2; (c) scenario 3.
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Figure 23. Total cost distribution of heat pump 3 for average electricity price: (a) scenario 1;
(b) scenario 2; (c) scenario 3.
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4.3.2. Sensitivity for Min and Max Electricity Prices

The investigation of the results for the min and max electricity prices does not change
the overall picture and only changes the share of the electricity prices in the overall TAC
distribution (Figures 24-29). The use of HP-3 is recommended for the operation conditions

defined based on the GCC.
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Figure 27. Total cost distribution of heat pump 3 for scenario 2: (a) min electricity price; (b) max
electricity price.
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Figure 28. Total annual cost correlation of heat pump 3 for scenario 3: (a) min electricity price; (b) max
electricity price.
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Figure 29. Total cost distribution of heat pump 3 for scenario 3: (a) min electricity price; (b) max
electricity price.

4.4. Impact of the Results

The obtained results of HP integration into the specific process of a polymer plant
demonstrated that the energy targets obtained from the GCC were not always the best
solution, especially in economic terms. This is very important when applying heat pumps
of high capacity on an industrial scale; these results should be impressive for potential

24

10



Energies 2024, 17, 951

investors and plant owners. Table 7 demonstrates the results of the HP calculation for a gas
fractioning unit of a polymer plant proposed by a modified targeting approach (optimised).
These results are compared with the ones obtained by traditional targeting with the use
of the GCC. HP-3 can be applied with its initial operation mode and the targets defined
by the GCC. HP-1 and HP-2 can be adjusted by selection of the evaporator and condenser
temperature to reduce the overall cost. In both cases, the condensation pressure should be
changed, and the TAC reduction is 6% for HP-1 and 50% for HP-2.

Table 7. Comparison of the results of heat pump application.

HP-1 HP-2 HP-3
Targetin .. Targetin .. Targetin ..
(Basge casg) Optimised (Basge casg) Optimised (Bas%z casg) Optimised
Evaporator
Inlet temperature, °C 57.65 57.65 52.80 52.80 45.44 45.44
Outlet temperature, °C 58.00 58.00 52.37 52.37 44 .95 44.95
Heat duty, kW 95,888 92,825 19,703 19,092 62,185 62,185
LMTD 7.32 7.32 2.66 3.09 5.12 5.12
Heat transfer area, m? 24,029 22,921 6199 5672 9998 9998
Condenser
Inlet temperature, °C 97.07 107.75 99.30 109.33 138.12 138.12
Outlet temperature, °C 82.29 89.57 82.29 89.14 106.04 106.04
Heat duty, kW 106,692 106,697 22,430 22,430 82,863 82,863
LMTD 7.46 17.17 8.08 17.41 16.45 16.45
Heat transfer area, m? 67,957 17,229 72,576 2648 13,782 13,782
Compressor
Inlet pressure, kPa 480 480 420 420 340 340
Outlet pressure, kPa 900 1060 900 1050 1500 1500
Power, kW 10,804 13,877 2727 3338 20,678 20,678
cor 9.87 7.69 8.22 6.72 4.01 4.01
Economic indicators
Annual capital cost, k EUR 16,619 9353 12,673 2811 8150 8150
Energy cost, k EUR/y 1 18,611 23,901 4696 5747 35,608 35,608
Total annual cost, k EUR/y 35,231 33,255 17,369 8559 43,758 43,758

! Defined for average energy prices.

However, the energy cost and electricity consumption are higher than defined for
the base case. This issue is important when electrifying the energy system to the grid
and applying renewable energies. On the one hand, we have a more economically viable
solution for heat pump applications, and, on another hand, more electricity is required from
the grid. This issue should be additionally investigated in terms of the economic aspects
of grid extension driven by renewable energies. It can be also used for the appropriate
planning of energy needs in future energy systems.

In this work, the authors used the current average EU electricity for non-household
users. The application of heat pumps presumes increased electricity exports by process
plants, and the use of real market prices is more viable. For the sensitivity analysis of the
results, namely, the min total annual cost, calculations were also made for the min and
max EU electricity price. In the literature, the utility price assumption for heat pumping or
vapour recompression is 18.72 USD/GJ [56]. But this value covers the generation, including
thermodynamic efficiency without taxes, market prices, and other correction factors. This
parameter should be specific for different regions and countries.

The present work addresses the changes in heat pump configuration, maintaining the
same operation mode of distillation columns and finding the trade-off between capital and
energy when integrating heat pumps in a specific industrial process. However, it should be
noted that the reboilers of the de-propaniser and de-isobutaniser are driven by the heat
pumps, as illustrated in Figure A1l (Appendix A). The reboiler of the debutaniser is more
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complicated; the existing reboiler works in parallel with one driven by the heat pump. The
operation of these two units should be synchronised to keep the operation parameters
of the distillation column. The regulation of the whole flowsheet should be additionally
studied and optimised to provide process parameters within acceptable limits.

The selection of the compressor remains a big challenge when providing a concept
design of chemical processes. Apart from power, the compressor cost depends on different
factors, e.g., gas composition, pressure, temperature, etc. According to Luyben (2018), the
estimation of compressor cost made by different researchers may differ by five times [57].
Furthermore, the impact of different process parameters is crucial, e.g., suction pressure,
especially for multistage compression.

In this work, a sensitivity analysis of the economic results was performed by applying
different electricity prices. It was applied for all calculated configurations of heat pumps.
Due to the different electricity prices in European countries, it is important to understand
the result variation and applicability. All heat pumps were analysed for min, max, and
average electricity prices, as they define the economic efficiency of heat pump application.
The influence of process conditions was not investigated and could be considered in
potential future work.

5. Conclusions

The main findings of the current research involve a detailed exploration of heat pump
integration within the natural gas liquid processing of a petrochemical plant. The features
of a detailed simulation of the heat pump equipment were extensively studied in industrial
contexts, and the economic trade-off was investigated for the appropriate targeting of
heat pump integration, applying different pressures in the evaporator and condenser. The
extremum of the TAC correlation was found for two of the three considered heat pumps.

The results of this work may be considered in both the theoretical and practical context
of heat pump integration into industrial sites. First, the generalised results can be used for
an update of the pinch-based targeting procedure to achieve better economic efficiency in
heat pump integration. The simplified workflow can be as follows: (1) the construction
of a GCC; (2) a TAC assessment of heat pump integration; (3) energy targets; (4) concept
process design; and (5) economic efficiency. This may provide new insights for heat pump
targeting within industrial clusters.

Second, practical arrangements can be provided based on the obtained results. The
total annual costs of heat pump 1 and heat pump 2 were reduced by 6% and 50%, respec-
tively, in comparison to the configuration of heat pumps targeted by grand composite
curves. But it requires increases in electricity consumption of 22% and 18% for heat pump
1 and heat pump 2, as well as additional thermal utility for cooling increased by 3% for
both heat pumps. The total annual cost for the application of both heat pumps is reduced
by 21.5 M EUR , which may be impressive for investors when integrating heat pumps into
a specific polymer plant. Heat pump 3 can be applied with the same operating conditions
as defined by the grand composite curve. A detailed layout of condensers and evaporators
was obtained that may be used for practical applications.

Third, an assessment of the investigated process electrification was carried out and
the decarbonization potential was estimated based on the simulation results in the Aspen
environment. The simulation details are summarised in Table 8. By connecting the observed
natural gas liquid plant to a renewable electricity grid by applying heat pumps, the potential
emission saving is estimated at 1.89 ktCO,/y.

Despite these findings, the limitations should be identified and discussed. A common
problem of heat pumps’ efficiency in industry-related process economics and their applica-
tion in the industrial environment is characterised based on COP criteria; this issue should
be solved by the proper placement and targeting of heat pumps. The application of heat
pumps usually leads to complications in the process flowsheet and supplemented control
strategy that may lead to incorrect operation modes and start-up and shut down problems.
Proper attention must be paid to the dynamic simulation of the control loops and proper
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control strategy development. High-temperature processes may also constrain heat pump
application due to the physical properties of refrigerants.

Table 8. CO; saving due to application of heat pumps in natural gas liquid plant (simulated in Aspen
environment with Peng—Robinson fluid package).

Item Value
Energy saving (MW) 212.00
Natural gas heat value (kJ/kg mole) 802,518.00
Air/gas ratio (Std. Gas Vol. Flow) 10.90
Natural gas composition Methane 100%
Natural gas burned (STD_m?/h) 96,731.00
Steam generated (t/h) 291.20
Steam generation efficiency 0.95
CO; emission (t/h) 45.64
Specific CO; emission (tCO, /MW) 0.215
Annual CO; saving (tCO,/y) 1885.88

Apart from the investigated process, the application of heat pumps in other industrial
processes that use distillation columns should be considered in future research, and corre-
lations might be identified and generalised for wide application in different cases. Another
important issue is related to the synthesis of heat exchanger networks when applying heat
pumps in industrial processes. It generates a task for new research focusing on optimisation
problems, simplification, and cost assessments. As mentioned above, the operability of the
industrial process is crucial and may provide a stable final product. This aspect is worthy of
additional investigations into the overall process sensitivity and system control parameters.

Since this work is targeted towards industry decarbonization, the integration of
renewable energies remains challenging. Ideally, it would be aimed at grid extension, the
variability of supply and demands, the coupling of industry and energy systems, and
economic aspects of such integration.
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Nomenclature

A Heat transfer area (m?)

ACC Annual capital cost (EUR/y)
Ce Electricity prices (EUR/kWh)

CAPEXEysy  Evaporator capital cost (EUR)
CAPEXcomp  Compressor capital cost (EUR)
CAPEXco,s  Condenser capital cost (EUR)

COPyp Coefficient of performance (n/d)

do Outside diameter of tube (m)

EC Annual energy cost (EUR/y)

f() Correction factor for design temperature (n/d)
f(p) Correction factor for design pressure (n/d)

f(m) Correction factor for construction materials (n/d)
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Figure Al. PFD of the natural gas liquid fractioning with heat pump integration. AC—air

cooler; Cond—condensate; CW—cooling water; E—heat exchanger; K—compressor; MIX—mixer;

TEE—splitter; P—pump; Q—electricity; S—steam; T—tank; VLV—expansion valve.
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Abstract: This paper introduces a simultaneous optimization approach to synthesizing work and heat
exchange networks (WHENSs). The proposed work and heat integration (WHI) superstructure enables
different thermodynamic paths of pressure and temperature-changing streams. The superstructure
is connected to a heat exchanger network (HEN) superstructure, enabling the heat integration of
hot and cold streams identified within the WHI superstructure. A two-step solution strategy is
proposed, consisting of initialization and design steps. In the first step, a thermodynamic path model
based on the WHI superstructure is combined with a model for simultaneous optimization and heat
integration. This nonlinear programming (NLP) model aims to minimize operating expenditures and
provide an initial solution for the second optimization step. In addition, hot and cold streams are
identified, enabling additional model reduction. In the second step of the proposed solution approach,
a thermodynamic path model is combined with the modified HEN model to minimize the network’s
total annualized cost (TAC). The proposed mixed integer nonlinear programming (MINLP) model
is validated by several examples, exploring the impact of the equipment costing and annualization
factor on the optimal network design. The results from these case studies clearly indicate that the
new synthesis approach proposed in this paper produces solutions that are consistently similar to or
better than the designs presented in the literature using other methodologies.

Keywords: heat exchanger network; work and heat integration; mathematical programming;
superstructure optimization; thermodynamic path

1. Introduction

A substantial amount of energy in the form of heat and work is used in the chemical
and petrochemical, metals and metallurgical, pulp and paper, food processing and other
industries. Therefore, particular attention has been given to energy savings in the past
half century. This has become more significant as we shift to using renewable energy
sources in these industries. Heat integration (HI) has been a major development in resource
conservation, providing a systematic conceptual approach to finding the best energy targets
that can be obtained in any given process. The combination of mathematical programming
(MP) with HI has made the methodology more easily applicable to large-scale problems of
HI. Heat exchanger network (HEN) synthesis has been a popular research area for more
than forty-five years [1].

In the synthesis of classical HENs, assuming constant pressure, heat is recovered from
hot process streams to cold process streams, whose identity is known before optimization.
When the pressure of the process streams changes, the stream’s identity can also change
due to the increasing temperature when compressing the stream or decreasing temperature
when expanding the stream. For example, a process stream identified as a cold stream that
needs heating can be compressed, resulting in an increased temperature; thus, the same
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stream can then become hot. A similar conclusion can be drawn for the hot stream that
needs expansion. As the hot stream expands, its temperature decreases due to cooling; thus,
the stream can become cold after expansion. Because work is consumed in changing the
pressure of the streams, this relatively new research concept is referred to as the work and
heat exchange network (WHEN). In WHENSs, pressure and temperature are two equally
important and related parameters. This complex relationship is described in detail by
Fu et al. [2]. The authors identified the compressor/expander inlet temperature as a crucial
parameter affecting the work consumed/produced and, consequently, the hot and cold
utility consumption. Two main approaches are used to solve WHEN problems: pinch
analysis (PA) and MP. PA is a graphical approach that uses fundamental thermodynamic
insights, and MP is based on the mathematical optimization of superstructures composed
of different work and heat integration opportunities. In addition, the two approaches can
also be combined to solve the problem.

Aspelund et al. [3] introduced an extended traditional PA with exergy analysis called
Extended Pinch Analysis and Design (ExPAnD), which relies on a set of heuristics and
engineering insights. A set of heuristic rules guiding the design is proposed for different cat-
egories of streams (pressure-changing, temperature-changing or phase-changing streams).
The authors use the exergy efficiency to measure the quality of the optimal design. In a
series of papers, Fu and Gundersen proposed and proved a set of fundamental theorems
for the integration of compressors [4] and expanders [5] in the above ambient processes
that result in designs with minimum exergy consumption. Fu et al. [6] highlighted the
importance of thermodynamic insights in understanding the problem and fundamental
concepts, but they also presented limitations, especially when addressing the network cost.
For this particular reason, the MP approach has attracted more research interest.

Wechsung et al. [7] proposed a state-space superstructure consisting of pressure-
changing stages separately for hot and cold streams and a pinch operator for heat integra-
tion, capable of handling variable temperatures. However, compression and expansion are
achieved at the pinch temperature according to the proposed ExPanD methodology [3],
which might yield sub-optimal solutions. The objective function minimizes exergy con-
sumption. Huang and Karimi [8] proposed a multistage superstructure with separate HEN
and work exchange network (WEN) blocks within each stage. The superstructure is distinct
for low-pressure streams that are compressed and high-pressure streams that are expanded.
Stream splitting enables utility compression/expansion, valves and single-shaft turbine
compressors (SSTCs) with the same optimized inlet temperature. The HEN superstructure
is a stage-wise superstructure that includes non-isothermal mixing [9]. The objective func-
tion minimizes the total annualized cost (TAC) of the network. Onishi et al. [10] proposed
a multistage work integration superstructure with heat integration between the WEN
stages. The HEN model is based on the well-known stage-wise superstructure by Yee
and Grossmann [11]. Streams are classified as high-pressure and low-pressure streams,
for which the WEN superstructure differs. The WEN stage consists of parallel branches
of turbines and compressors on a common SSTC. Turbines are associated with stages for
high-pressure streams, enabling work recovery from high-pressure to low-pressure streams,
with an additional utility turbine and an expansion valve. For low-pressure streams, there
is an equal number of compressors corresponding to the number of turbines and utility
compressors on a single shaft. Compared to the work of Huang and Karimi [8], parallel
SSTC units are possible, including utility compressors and turbines. Helper motors and
turbine generators exist within SSTC units to deal with an excess or shortage of energy.
The streams are sent to the HEN between the WEN stages to improve the pressure recovery.
The objective function minimizes the TAC of a combined HEN and WEN. However, in the
work of Onishi et al. [12], the classical stage-wise superstructure for HEN synthesis [11]
is intertwined with the predefined pressure change network for hot and cold streams.
In this approach, the hot and cold streams follow specific pressure change routes with a
maximum of three stages of expansion and compression. Unlike most MP deterministic
approaches, modeled using algebraic languages such as the General Algebraic Modeling
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System (GAMS), Pavao et al. [13] proposed a new meta-heuristic approach, a matrix-based
implementation of a WHEN superstructure, inspired by previous works [7,14] coupled
with an enhanced stage-wise HEN superstructure [15]. This work was later extended [16],
including additional structural possibilities for work and heat integration with practical
constraints (upper/lower bounds on temperature) for pressure change units, as well as
a number of coupled units (compressors and turbines) per shaft. A framework for si-
multaneous WHI based on a mixed integer nonlinear programming (MINLP) model was
proposed by Nair et al. [17]. In the proposed framework, the streams are unclassified,
and the pressure change is also allowed for constant pressure streams. In addition, the au-
thors considered the phase changes of streams with phase-based property calculations.
In the proposed superstructure, each stream starts at a specific pressure and temperature
and passes through a series of WHEN stages to reach its final pressure. A WHEN stage
comprises a typical stage-wise HEN as in Huang et al. [9] and pressure change units con-
sisting of SSTCs and valves. A similar superstructure to those proposed by Huang and
Karimi [8] and Nair et al. [17] has been developed by Onishi et al. [18], with an approach
combining MP with a pinch location method [19,20] to obtain an optimal network design
with the minimum TAC. The authors proposed a generalized disjunctive programming
(GDP) model for the selection of pressure change equipment in the work integration stages
and the identification of unclassified streams. The model is also suitable for the handling
of unknown inlet and outlet temperatures. Although the authors claim global optimality,
Fu et al. [6] obtained better solutions with their graphical approach that minimizes the
exergy consumption rather than the TAC of the network.

Li et al. [21] proposed an alternative approach to presenting all potential flowsheet
configurations for WHENSs with building blocks. These blocks consist of block interiors
representing the mixing, splitting, utility heating/cooling and boundaries between adjacent
blocks that allow for work and heat integration. Contrary to other proposed superstructures,
this approach does not require work and heat integration stages and includes equipment
such as two-stream and multi-stream heat exchangers, compressors/expanders and SSTCs.
The model is formulated as an MINLP with the objective function of minimizing the TAC.
Pavao et al. [22] used a pinch-based approach to define pressure-changing routes based on
capital and operating cost targets before detailed WHEN synthesis and provided an efficient
starting point for WHEN synthesis. The solution approach is a hybrid meta-heuristic
method based on stochastic methods to define modifications to the pressure manipulation
route. The obtained pressure-changing routes are fixed, and then the HI problem is
solved with a specified heat recovery approach temperature (HRAT) using the approach
of “spaghetti” design to reduce the heat transfer area [23]. Previous steps are used as an
initial design for the simultaneous WHEN problem. This paper highlights the importance
of targeting before the design step, while Yu et al. [24] presented alternative formulations
for the simultaneous optimization and heat integration of WHENSs. A two-step sequential
design procedure was proposed by Lin et al. [25]. In the first step of the proposed approach,
a stage-wise superstructure, in which the unclassified streams subsequently go through
the HEN and WEN stages, is used to perform a targeting procedure with an extended PA
method under the assumption of vertical heat transfer. When the optimal thermodynamic
path is identified with the proposed GDP model, the HEN is synthesized using a stage-
wise HEN superstructure and an MINLP model [11]. The solution approach was later
modified [26] with an efficient optimization strategy by modifying the targeting step to
identify the optimal thermodynamic paths of process streams using genetic algorithms and
a golden section search. The HEN design is determined using a global search algorithm in
the design phase. Lin et al. [27] presented a solution procedure to obtain globally optimal
WHEN designs based on a minimal WHEN system using an enumeration procedure on
predefined thermodynamic paths. In addition, the properties of the streams are calculated
using cubic equations of state; however, because the authors used a reduced minimal
WHEN representation to obtain simple designs, the presented solutions are not global
solutions to the problem, as later shown in this paper.
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Most of the previous research has been focused on minimizing the TAC of the network.
Yang et al. [28] presented a multi-objective MINLP model for the synthesis of WHENSs,
including constant-pressure and pressure-changing streams with multi-stage compres-
sion. However, their proposed stage-wise superstructure includes only the compression
of predefined cold streams. The Pareto front of the solutions has opposing objectives:
minimizing the TAC and the exergy consumption. A similar superstructure was created
to address the expansion of hot, high-pressure streams [29], later modified to include
a simple model for the steam Rankine cycle for a utility system in order to account for
multiple utilities [30]. Braccia et al. [31] combined the WHEN superstructure proposed by
Huang and Karimi [8] with the HEN superstructure of Yee and Grossmann [11], enabling a
change in stream identities with explicit modeling, avoiding additional binary variables
and nonlinearities. This allows the pressure-changing streams to act as a low-pressure hot
stream and a high-pressure cold stream at different stages in the proposed network. For
a more detailed and in-depth analysis of thermodynamic-based and optimization-based
methods for WHEN synthesis, the reader is referred to a recent review paper by Yu et al.
[32]. The authors present a review of application studies and the equipment used in work
and heat integration, as well as a critical review of the studies regarding the methods,
pressure change equipment, property models and objective function.

There are several limitations in previous research on work and heat integration.
The fundamental thermodynamic approach of Fu and Gundersen [4,5] only considered
energy performance (exergy), neglecting the investment cost or TAC. Some optimization-
based approaches [17,18] use superstructures that do not include certain topological com-
binations related to HEN configurations. Other methodologies have used a predefined
thermodynamic path for pressure-changing streams [7,27], while some studies only con-
sider the compression of cold streams [28] and /or the expansion of hot streams [29].

This work presents a novel WHI superstructure based on feasible thermodynamic
paths involving the multi-choice mixing and splitting of streams. In the presented super-
structure, the streams are unclassified but identified as hot and cold within different super-
structure elements. A two-step solution strategy consisting of a targeting/initialization step
and a design step is proposed. Contrary to much previous research, where the targeting
is used to fix the thermodynamic paths, this work uses the targeting model for stream
identification and the initialization of the MINLP model for the simultaneous synthesis
of the WHEN, performed in the second step. In addition, most studies use the stage-wise
superstructure [11] and its modifications to design the HEN within the WHEN. In this
work, we use a modified superstructure from Floudas et al. [33] that gives additional
heat integration opportunities when integrated with a WHI superstructure. Furthermore,
the HRAT temperature required for the targeting step can be changed to provide different
initializations and generate a set of local solutions to the MINLP model.

2. Problem Formulation

Figure 1 shows the conceptual formulation of the work and heat exchange network
(WHEN) synthesis problem. Given is a set of process streams s € S with specified supply
and target parameters (pressure and temperature). The process streams are connected to
the heat exchanger network (HEN), consisting of heat exchangers, heaters (H) and coolers
(C), enabling heat integration, and the work exchange network (WEN), consisting of com-
pressors, expanders and expansion valves, enabling pressure changes in process streams.
The HEN and WEN are interconnected, enabling the simultaneous optimization of work
and heat integration. The system requires hot and cold utilities for additional heating
and cooling within the HEN and electricity required /produced by running compressors
and expanders.

The objective is to synthesize the optimal network design with the minimum TAC.
This implies finding the optimal placement of the pressure change equipment within the
HEN. The following assumptions are imposed to simplify the synthesis procedure.

e  Steady-state operation is considered.
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e All process streams are ideal gaseous streams.

e  Compression and expansion are reversible and adiabatic (i.e., isentropic).

e Expansion through the valve is isenthalpic with a constant Joule-Thompson coefficient.
¢ One hot and one cold utility is assumed.

¢  The compressor and expander isentropic efficiency is considered constant.

e The heat capacity flow rates are constant.

*  Heat and pressure losses are neglected.

e The costs of mixers and expansion valves are negligible.

Environment

Process stream
seS target

Figure 1. Conceptual problem formulation.

3. Methodology
3.1. Possible Thermodynamic Paths

To create a superstructure, we start with the feasible thermodynamic paths (trajectories)
shown in Figure 2, previously studied in the literature [34] for the change in state for process
streams. Let us observe a state change (1 — 2) where the stream requires compression
and heating (low-pressure cold stream), assuming that the isentropic efficiency is 1 (ideal
isentropic compression). The stream can be compressed from its initial state and cooled
afterwards, following the path (1 — a — 2). This trajectory requires compression at
higher temperatures, and more work is consumed for the compression. Still, it produces
higher outlet temperatures in the stream (high-quality heat) that can be used for heat
integration. An additional increase in the compressor inlet temperature creates better-
quality heat (path 1 — e — f — 2). However, it may not be practical to compress the stream
at higher temperatures due to limitations in the operating conditions of the compressors.
To reduce the compressor inlet temperature, it is possible to cool down the compressor inlet
stream (at constant pressure), followed by the compression of the stream (path 1 — b — 2).
An additional decrease in the compressor inlet temperature requires additional heating
after the compression of the stream (path 1 — ¢ —+ d — 2). Reducing the compressor
inlet temperature consumes less compression work, but the compressor outlet temperature
decreases, and the quality of the heat is lower.

If we now consider that the stream is compressed to a pressure higher than required,
the possible number of thermodynamic paths increases significantly. The stream can be
cooled and compressed to pressure p > p> (1 — ¢ — h) and, after this, expanded in a
pressure reduction valve and cooled to the required temperature (h — a — 2). Expansion
can also be done in an expander, producing the work (h — i — 2).

Similarly, the diagram shown in Figure 2 can also be used to analyze the thermody-
namic paths of a high-pressure hot stream (change of state 2 — 1). The same trajectories can
be followed but in the reverse direction of the pressure change. However, the expansion of
the process stream has the opposite effect compared to compression. Increasing the inlet
temperature of the expander increases the work production in the expander. On the other
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hand, high-quality heat is not available for heat integration because it is used to produce
work. The thermodynamic path (2 =+ a — 1) shows the expansion process ending at a
specified target temperature T7. An additional increase in the expander inlet temperature
produces more work but requires the additional cooling of the stream leaving the expander
(path2 — f — e — 1). Thermodynamic path 2 — b — 1 starts with expansion at the supply
state and requires additional heating to reach the target state, and thermodynamic path
2 — d — ¢ — 1 includes cooling before expanding the stream in the expander. Expansion
to the required pressure can be done by using an expansion valve (isenthalpic process);
however, work is not being produced in this case, and there is a significant loss in the
exergy of the stream. After the expansion, additional cooling is required (path2 — g — 1).
As can be seen, many possible thermodynamic paths exist for the change of state 1 — 2 or
2 — 1. In theory, if we assume that change of state 1 — 2 can be achieved by combining
compression, expansion, cooling and heating at any feasible pressure and temperature,
as long as we start at state (1) and end up at state (2), there can be an infinite number of
trajectories. However, most of them would be impractical.
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Figure 2. Hypothetical thermodynamic paths for compression and expansion of streams.

It should be noticed that the objective of the feasible thermodynamic paths stage of
the method proposed by Yu et al. [34] is to fix the stream data before performing traditional
HEN synthesis. In contrast, the feasible thermodynamic paths stage of the present method
only serves to identify process streams and initialize the WHEN synthesis, where the
process stream variables (pressure, temperature and branch flow rates) are allowed to
change. This paper addresses the problem of finding the optimal trajectory for pressure-
changing streams and simultaneously optimizing the HEN by minimizing the TAC of the
network. We begin by synthesizing the superstructure based on the trajectories shown
in Figure 2.

3.2. Work and Heat Integration (WHI) Superstructure

A superstructure shown in Figure 3 has been designed based on practical and feasible
thermodynamic paths. This superstructure enables the exploration of various trajectories
for stream s from the supply to the target state. In the proposed superstructure, the multi-
choice splitting of stream s enables the heating or cooling of a stream before compression
or expansion. We use the term multi-choice splitting because hot and cold stream branches
can exist simultaneously (not a single-choice selection). It is important to highlight that the
stream can remain isothermal when there is no temperature change in the heat exchangers.
Multi-stage compression with inter-stage cooling enables the pressure increase of stream
s, allowing for additional savings in the work required for compression (not shown in
Figure 2). Conversely, the pressure reduction is achieved through multi-stage expansion
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with inter-stage heating, maximizing the work output, or with an expansion valve. The by-
pass option is incorporated to accommodate non-pressure-changing streams. The heating
and cooling of process stream s leaving the pressure-changing stage k = |K| is enabled by
the multi-choice mixing of stream s, where hot and cold branches can exist simultaneously
with multi-choice selection.

stream s

Ss,

multi-choice mixing

Legend: } mixer . . hot process stream Q expander D compressor
{ splitter + cold process stream >« valve

Figure 3. Work and heat integration (WHI) superstructure.

The proposed superstructure enables the heating and cooling of streams at the supply
pressure, pressure change or bypass for non-pressure-changing streams, and the heating
and cooling of streams at the target pressure. The proposed superstructure captures heat
integration opportunities within and outside the pressure-changing stages. Additionally,
it enables the search for the optimal placement of the pressure-changing equipment to
minimize the network’s TAC. The number of pressure-changing stages is set arbitrarily by
the user.

The symbols used for the mixing and splitting units in the superstructure of Figure 3
have the following meanings:

SSs  Supply splitter for stream s;

HSSs;  Supply splitter for a potential hot stream s;
CSSs;  Supply splitter for a potential cold stream s;
CM; Mixer before compressor for stream s;

EM; Mixer before expander for stream s;

VM; Mixer before valve for stream s;

BM; Mixer before bypass for stream s.

The splitters CSs, ESs, VSs and BS; have similar meanings for stream s after the
corresponding operation (compression, expansion, valve and bypass):

HTM; Target mixer for a potential hot stream s;
CTM; Target mixer for a potential cold stream s;
TM; Target mixer for stream s.

3.3. Heat Exchanger Network (HEN) Superstructure

The HEN superstructure is based on the superstructure proposed by Floudas et al. [33],
with small modifications regarding the introduction of a bypass connection for isothermal
streams (Figure 4). Figure 4a shows the superstructure design for a hot stream i matched
with cold streams j in exchanger i — j. The initial splitter S; allows the parallel arrange-
ment of the heat exchangers and mixers/splitters (EM; and ES;) in front of /behind each
exchanger i — j, enabling the configuration of heat exchangers in series. The additional
cooling of a hot stream i is possible in cooler i — C. The superstructure design for cold
stream j matched with hot streams i in heat exchanger i — j is shown in Figure 4b. However,
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the HEN superstructure in Floudas et al. [33] is derived based on the previous solution
of two consecutive targeting models to minimize the utility consumption and number of
matches. Thus, the model is easier to solve when knowing the supply and target temper-
atures of all hot and cold streams within the network and the corresponding minimum
number of matches (with given duties) used to design the superstructure. In contrast, when
designing the WHEN superstructure, the identity and temperature of the streams can be
changed due to compression and expansion, and thus the inlet-outlet temperatures are
optimization variables. This makes the synthesis problem much more difficult to solve.
In addition, when the HEN superstructure (Figure 4) is coupled with the WHI super-
structure (Figure 3), it enables more heat integration opportunities than the standalone
HEN superstructure.

‘Cold stream j

(b)

Figure 4. The HEN superstructure for (a) hot stream i (b) cold stream j.

3.4. Model

The overall model consists of three models: the thermodynamic path model (M),
the heat integration (HI) model M; of Duran and Grossmann [19] and the HEN model
Ms3. To address the WHEN synthesis problem, the models are connected using appropriate
equations to identify the streams and connect the models, as presented in Appendix A.1.
A detailed description of the proposed models follows.

3.4.1. The Thermodynamic Path Model

The thermodynamic path model (M;) is based on the WHI superstructure (Figure 3)
that enables the identification of streams and the optimum placement for the pressure
change equipment.

Multi-choice splitting. Stream s is unclassified, which means that it can be either hot or
cold. Thus, according to Equation (1), the stream is divided in splitter SS; into fractions of
the heat capacity flow rate serving as both hot and cold streams.

_(hs) cs)

ms=mg  +mg ', Vs€ES 1)
These split fractions of hot and cold stream s are directed to the mixers before pressure
change stage k = 1. However, the stream cannot be of low and high pressure simultane-
ously. Thus, auxiliary binary parameters (CINT, EINT, BINT) are introduced with assigned
values based on the supply (p?“)) and target pressure (pg"“f)). For example, if the supply
pressure is lower than the target pressure (psin) < pg"““), the stream requires compression,
and thus CINT = 1, and EINT = 0 and BINT = 0 for a specified stream s. Otherwise, if

pi™ > p EINT = 1, CINT = 0 and BINT = 0. In the case of of p{™ = p{®"?, then BINT = 1.
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Equations (2) and (3) represent the mass balance equations for the splitters of hot (HSS;)
and cold (CSS;) supply streams.

h Jat h h 1 hs—b
mg s) _ mg s—comp) + mg s—rexp) + mg s—valve) + ng s— ypass), VseS )
CINT=1 EINT=1 EINT=1 BINT =1
— — —val —b
mgcs) _ mgcs comp) + ms(’cs exp) + mgcs valve) + mgcs ypass), Vs e S 3)
CINT=1 EINT=1 EINT=1 BINT =1

Mixers in front of pressure change stages. Streams from splitters (HSSs and CSS;) are
directed to the pressure change stages or act as bypass streams if pgin) = pg"“t). Several
mixers for the compressor (CMs), expander (EM;), valve (VM;) and bypass stream (BMj)
can be identified in the superstructure shown in Figure 3, for which the mass and heat
balances are given by Equations (4)—(11).

mOmP) — py(hsmeomp) | (esmeomp) g g CINT = 1 @)

mleomp) plcompin) _, (hs=comp)p(hsout) |, (es=comp) plesout) = o o g CINT=1  (5)
ml&P) = p{hsexp) | (es=ep) g e g BINT = 1 ®)

@B TP _ | (hsmep) plhsout) | (esmexp) plesout) yo g BINT = 1 )
plvalve) _ (hsovalve) | fesovalve) ye g pINT = 1 ®)

plvalve) pvalvein) _ (svalve) p(hsout) | (esvalve) pesowt) oo g BINT =1 (9)
mPYPass) _  (hs=bypass) |, (es=bypass) = o o g BINT = 1 (10)

PYPasS) T (bypass) _ (hs-sbypass) p(hsout) | (esobypass) plesont) e e g BINT =1 (11)

Compression stages. Multi-stage compression with inter-stage cooling enables a pressure
increase in the compression stages. The compression work in stage k is given by Equation (12).

WLGTP) — pp{eomP) (pfompest) _ plfomPiN) s ¢ 5 vk e K,CINT =1 (12)
The ideal temperature increase following compression is directly linked to the increase in
pressure as given by Equation (13) under the assumption of isentropic compression, ideal
gas, and constant specific heat capacity. The actual temperature increase accounting for the
compressor’s isentropic efficiency is given by Equation (14).

k=1
(comp,out) 3

(comp,out) - (comp,in) Ps k _
Tid,s,k = Ts,k —(compmn) , VseS§,Vke K,CINT=1 (13)
ps,k
. T.(comp,out) . T(comp,in)
lompout) _ pleompin) | Zidsk T sk , Vs€SVkeKCINT=1 (14)

Equations (15) and (16) set the pressure and temperature constraints for each compression

stage k € K.
TlSomPout) > TomPin) s ¢ 5 vk € K,CINT = 1 (15)
pleompont) > pleompin) g ¢ g vk € K,CINT = 1 (16)

Temperature and pressure equality constraints apply for the compression stages k € K as
given by Equations (17)—(23).

T(comp,in) _ Ts(comp,in)

i , VseS,CINT=1 (17)
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TlompiV) — TS0 ys € 5,k £ 1,CINT =1 (18)
Tiompeut) — TUCM - vs € 5,k # |K|, CINT =1 (19)
TIOMPONY) — (PO g € 5, CINT = 1 (20)
pleomPi) — plin) s € 5, CINT =1 1)
pleomein) = pleompowt) s ¢ 5,k £ 1,CINT =1 (22)
plmet) = 0, vs € 5,CINT =1 (23)

Expansion stages. Multi-stage expansion with inter-stage heating enables a pressure
decrease in the stages of expansion. The expansion work in stage k is given by Equation (24).

WGP = ) (TP T(ePe)) s € 5,k € K EINT =1 (24)

The temperature decrease following the expansion is directly linked to the decrease in
pressure as given by Equation (25) under the assumption of ideal expansion. The ac-
tual temperature decrease accounting for the expander’s isentropic efficiency is given

by Equation (26).
(exp,out) =
T(exp,out) - T(exp,in) ps,k v Sk € K.EINT = 1 o5
idsk T sk “(opin) , VSESVKEK, = (25)
s,k

(exp,out) _ (exp,in) (exp,in) (exp,out) _
TP = TPy (TIgPA _ Re)vs € 5 vk € K EINT =1 (26)

Equations (27) and (28) set the temperature and pressure constraints for each expansion

stage k € K.
TP 5 PO s o § vk e K BINT = 1 27)
P > plePo) s e 5, vk € K,EINT = 1 (28)

Temperature and pressure equality constraints apply for the expansion stages k € K as
given by Equations (29)—(35).

TP = 7{P s € S, EINT =1 (29)
TP = TUM - vs € S,k £ 1,EINT = 1 (30)
TS(;:(XP,Out) _ TS(/IkH,in), Vs € S,k # |K|,EINT = 1 (1)
TP = TP s € 5 BINT =1 (32)
ploE = pi™, s e S, EINT=1 (33)
PP = plePet) s e S,k £ 1,EINT = 1 (34)
Pkaﬁﬁt) = s e S EINT=1 (35)

Expansion valves. Pressure reduction in expansion valves is an isenthalpic process.
The temperature change due to change in pressure is determined by the Joule-Thompson
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expansion coefficient (i), as given by Equation (36). The sign of the Joule-Thomson coeffi-
cient determines whether the process is characterized as cooling (1 < 0) or heating (1 > 0).

Ts(valve,out) _ s(Valve,in) +u (ps(valve,in) o pgvalve,out))’ Vs € S,EINT = 1 (36)

Equation (37) gives an inequality constraint linked to pressure changes during expan-
sion, while Equations (38) and (39) represent equality constraints for the supply and
target pressures.

pgvalve,in) > pgvalve,out), Vs € S,EINT =1 (37)
pgvalve,in) _ pgi")/ Vs € S,EINT =1 (38)
plratvecut) _ lout) -y g EINT =1 (39)

Splitters after pressure change stages. Fractions of process stream s exiting a pressure
change or bypass stages are directed to a multi-choice mixer, enabling heating and cooling.
The mass balance equations for the compressor (CS;), expander (ES;), expansion valve
(VSs) and bypass (BS;) splitters are provided by Equations (40)—(43).

m{OmP) — plcomp=ht) | (comp=et) g o g INT =1 (40)
mgexp) _ mgexp—>ht) + mgexp—mt)’ Vs € S,EINT =1 (41)
mvalve) _ y (valvesht) | (valveset) o o o pINT = 1 (42)
mgbypass) _ mgbypass—>ht) I mgbypass—mt), Vs € S,BINT =1 (43)

Multi-choice mixers on the target side. The cooling and/or heating of stream s exiting
the pressure change or bypass stage is enabled within multi-choice mixers for the streams
acting as hot (mixer HTM;) and cold (mixer CTM;). The mass and heat balance equations
of mixer HTM; are given by Equations (44) and (45).

h ht ht \ h b ht
ms(, ) _ mgcomp% ) + mgexpﬁ ) + mgva ve—ht) + mg ypass— ), Vse S (44)
CINT =1 EINT =1 EINT =1 BINT =1
mght) Ts(ht,in) _ ms(comp—>ht) Ts(comp,out) + ms(exp—>ht) Ts(exp,out) + mgvalveﬁht) Ts(valve,out) + mgbypass—>ht) Ts(bypass),
CINT =1 EINT =1 EINT =1 BINT =1

CTM; exists within the proposed superstructure for the stream acting as a cold stream,
leaving a pressure change or bypass stage mixer. The mass and heat balance equations of
mixer CTM; are given by Equations (46) and (47).

(ct) _ m(comp—>ct) + m(exp—)ct)

m! { { + m(valve%ct) + m(bypass—mt), Vs e S (46)
CINT=1 EINT=1

s s
EINT=1 BINT =1

ms(ct) TS(Ct,in) _

CINT=1 EINT =1 EINT = 1 BINT =1
Target mixers (TM;). In the final TM; mixer, the hot and cold streams are mixed
isothermally as the temperature of the hot and cold streams leaving the heat exchanger
is set to the stream target temperature Ts(mlt)
mixer TM;.

. Equation (48) gives the mass balance of

ms =m™ £ vses (48)

3.4.2. The HI Model

The HI model M; is the simultaneous optimization and heat integration model from
Duran and Grossmann [19] based on the pinch location method, where the inequalities
given by Equations (49) and (50) constrain the hot utility consumption.
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qHU = Zf] [max (0, Tj(out) _ <Ti(/i”) - HRAT)) — max (0/ Tj(in) _ (Tl-(/in) B HRAT))]
— Zf [max( T(m) T.(,in)) — max (O, Ti(out) B T(in))]/ " (49)

i i’

qHU = 2 fi [max (0, T].(O‘“) _ 1"],(/1“)) ~ max (0, Tj(in) B Ti(/in)ﬂ
] (50)

= LA max(0 T — (1, + HRAT) ) —max (0,76 = (T, + HRAT) )|, vy

The cold utility consumption is determined by the global heat balance given
by Equation (51).
qHU + }_eci = qcu + )¢ (51)
i i

where the heat content of the hot (ec;) and cold (ecj) streams is given by Equations (52) and (53).

¢ = f (Ti(i“) - T.<°“f>), Vi (52)

1

ecj = f]( (out) T]-(in)), V] (53)

A smooth approximation of the max operators [35] was used to handle discontinuous
derivatives in Equations (49) and (50).

3.4.3. The HEN Model

The HEN model (M3) is based on the superstructure shown in Figure 4, which origi-
nated from the HEN model in Floudas et al. [33]. The initial hot stream splitter (S;) enables
stream splitting for a parallel configuration of heat exchangers. The mass balance of splitter
S; is given by Equation (54).

Zfl (in—sehs) +fi(bypass), Vi (54)

The mixers (EM;) and splitters (ES;) for the heat exchangers enable the connection between
the heat exchangers, facilitating different heat exchange configurations (serial and parallel).
The mass and heat balances of mixer EM,; are given by Equations (55) and (56). Equation (57)
gives the mass balance of splitter ES;.

fi = £y Zf,f?fsf Vi, j (55)
J#J

fg:hs) Z;:hs in) f(m—>ehs (in) Z fj?]?s l]ehs out)’ Vi, Vi (56)
J#J

fi(;th) _ ehs%out _|_ Z f]ehs . ViV (57)
J#J
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The fractions of the streams leaving heat exchangers i — j are directed to the final mixer
M;, enabling additional cooling in cooler i—C. The mass and heat balances of mixer M; are
given by Equations (58) and (59).

f Zf(ehs—mut +fi(bypass)l Vi (58)

mout Zfl (ehs—out) l;:hs ,out) _'_fi(bypass) Ti(in), Vi (59)

Analogous equations apply for the cold stream superstructure shown in Figure 4b. The mass
balance of splitter S; is given by Equation (60).

Zfl in—ecs) _'_fj(bypass), vj (60)

The mass and heat balances of mixer EM; are given by Equations (61) and (62). Equation (63)
gives the mass balance of splitter ESj.

£ = fire 4 Zfl 5, i (61)
it
fl(]ecs)Tl(;ecsm) f(m—>ecs T(m n Z fl(ecs)Tecs o) i v 62)
i
£ = f 4 Effff Vi, vj (63)
oy

The fractions of the streams leaving heat exchangers i — j are directed to the final mixer M;,
enabling additional heating in heater H—j. The mass and heat balances of mixer M; are
given by Equations (64) and (65).

Zfl (ecs—out) + fj(bypass), Vj (64)

ijj(m,out Zfl (ecs—out) 17CS out) +](j(bypass)1}(in)’ V] (65)

For the individual heat exchangers i — j, Equations (66) and (67) define the heat balance
equations for the hot and cold streams.

gij = fi(,}ehs) (Ti(,;ahs,in) . Ti(;:hs,out))’ Vi, ¥j (66)
qij = fiS;CS) (Ti(,]gcs,out) B Ti(’]e'cs,in))’ Vi, V] (67)

The heat balance for cooler i — C is given by Equation (68), and Equation (69) gives the heat
balance for heater H—j.

= f ( m,out) Tj(out)) Vi (68)
- f] ( (out) Tj(m,out))[ Vi (69)
The global heat balances for hot stream i and cold stream j are given by Equations (70) and (71).
AT =) = Do+, vi (70)
(0 =1) = S +a, i 7
1
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The temperature constraints for the exchangers are given by constraints (72)—(77).

AThy; < TS - TS L T(1— 25, i,V (72)
ATei; < TS — 700 L 11—z, i,V (73)
ATHS < Tmew) _7low) L p(q ), i (74)
AT <17 Tl L r(1-2), Vi (75)
ATh](H) <1l T(O“*) +T(1-2z), V) (76)
AT < T T T (1 -z, Y (77)

Constraints (78)—(82) apply to the existence of equipment in the optimal design, and con-
straints (83) and (84) are related to the existence of hot and cold stream branches connected

to the heat exchangers. (ub) o
9ij < Qi Zijs Vi, Vj (78)
g\9 < g™z, vi (79)
5" a7, ) (80)
W;/iomp) < Ws(jcomp’ub)zgjf ™P) s, Yk (81)
WP < WP O]y vk (82)
f (ehs) < f(ehs ,ub) Zij, Vi, Vj (83)
f(ecs) f(ecs,ub 2, ViV (84)

In addition, inequality constraints (85)—(88) are related to the inlet and outlet temperatures
of the hot and cold streams in the heat exchangers, coolers and heaters, respectively.

T(’]ehs ,in) > T(,]ehs out) Vi, Vj (85)
Ti(;:cs,in) < Ti(,]gcs,out), Vi, Vj (86)
(m,out) (out) .
Timou > Ti ou Vi 87)
Tj(m,out) < Tj(out), V] (88)

3.5. Objective Function

The objective function is given by Equation (89) for the combined NLP model (M; + Mj),
which includes the operational cost for energy (electricity and hot and cold utilities).

. d
minZ; = ), Ws(jcomp)c(cons) - ) Ws(j(Xp)Céfro '+ gmuChu +dcuCeu (89)

el
s,k s,k
CINT =1 EINT =1
The objective function of the MINLP model (M; + M3) for a simultaneous WHEN is given
by Equation (90), which includes the operational cost for energy (electricity and hot and
cold utilities) and the investment cost for the equipment (compressors, turbines and heat
exchangers). The investment cost for the valves is considered negligible in this study.
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el

min Z, = Z Wg(;{omp)c(cons) . Z vv(exp)C prod + ZQEC)CCU + Zq]('H)CHU
i j

s,k
CINT =1 EINT 1
n n
+af <FBMcomp ; (azcomp + (W) 4 FBMap ; (azexp +6(WTP)) 90)
CINT =1 EINT =1

+ FBMexc Z(azi,j + bAZ]-) + FBMexc ) _(az; + DA}) + FBMexc Z(uz]- + bA;’))
i 7 7

where the heat transfer areas for the heat exchangers, coolers and heaters are given as
follows, using Chen’s approximation of the logarithmic mean temperature difference [36,37]:

(11
ql'] hi h]
A=

ij — 1/3
ATh;; + ATc; ;
<AThi,jATci,jl']21']>

o/ 1 1
1 (5 eg)
Al: 1 U

(©) €\ /3
(AThZ(C)ATC(C) AThi + ATc; >

i 2

m (11
q; (hj+hHU>
A=

] 1/3
ATE ¢ AT
(ATh](H)ATc](H) J J

2

The investment annualization factor [38], for a given fractional interest rate (ir) and equip-
ment depreciation period (dp), is obtained from

af — ir(14ir)?r
C (14ir)tr —1

3.6. Model Limitations and Possible Improvements

The following limitations in the proposed model should be addressed in the future
development of the model.

®  The model only includes pressure manipulation equipment for gaseous streams; to
include liquid streams, additional pressure change branches should be included to
enable the pumping of fluids and liquid expansion.

¢ Only one hot and one cold utility is considered, suggesting that the model’s extension
should integrate the WHEN network with the utility network, enabling the extraction
of utilities at different temperature levels.

®  Only utility expanders and compressors are considered; there is a need to include
SSTCs to enable additional work integration opportunities.

e  Realistic efficiencies of compressors and expanders should be considered.

e  The phase change (evaporation/condensation) should be considered.

3.7. Solution Approach

The synthesis of WHENSs is a non-convex optimization problem that is very difficult
to solve as the scale of the problem increases. In this work, two relatively complex su-
perstructures, a WHI superstructure and a HEN superstructure, are entangled. Models
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related to these superstructures are nonconvex and nonlinear, with a nonlinear objective
function including capital investment for the equipment. Thus, finding global or even good
local solutions can be quite challenging. To solve the optimization problem, a two-step
solution strategy is employed, shown in Figure 5. In the first step, the combined NLP
model (M; + M) is solved with the objective function given by Equation (89). The solution
from the first step provides efficient initialization for the second MINLP model. In addition,
the NLP model identifies hot and cold streams, reducing the number of heat exchanger
matches (see Appendix A.2) in the second optimization step. In the second step of the
proposed solution strategy, a combined MINLP model (M; + M3) is solved with the objec-
tive function given by Equation (90). Models M; 4+ Mj and M; + M3 are connected using
equations to identify streams within the WHI superstructure presented in Appendix A.1.
The model is developed in the GAMS [39] and solved with Conopt4/Ipopt/Snopt as the
NLP solvers for the first NLP model and SBB as the MINLP solver with Conopt4 as a
subsolver. The model can be solved in iterations (optional) or multiple runs by assigning
new values for HRAT in each run, providing different initial solutions for the MINLP
model and generating a set of local solutions from which the best one can be selected.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Optimal
HRAT > EMAT O -
@ network design

New HRAT

Figure 5. Strategy for solving the optimization problem.

4. Examples

This section provides four examples to demonstrate the methodology and analyze
the impacts of the electricity cost, equipment cost and annualized investment cost on the
optimal network design. Table 1 gives the parameters and utility cost data for the studied
examples, and Table 2 shows the equipment cost data. The cost data from the literature
are normalized to the same year (2022) using the Chemical Engineering Plant Cost Index
(CEPCI), and the data are fitted to the same model equation a + bS", where 4, b and n are
coefficients, and S is the equipment attribute. The nonlinear regression software Sigma Plot
v 14.0 [40] is used for data fitting.

Table 1. Parameters and cost data for the studied examples.

Parameter Unit Examples 1-3 Example 4
Heating utility cost k$/kWy 0.377 0.337
Cooling utility cost k$/kWy 0.1 0.1
Electricity cost (consumed) k$ /KWy 0.45505 0.45505
Electricity cost (produced) k$ /KWy 0.45505 0.36403
Joule-Thompson coefficient K/MPa 1.961 -

of expansion

Isentropic efficiency - 1 1
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Table 2. Equipment cost data in k$ adjusted with CEPCI = 819 for 2022.

Reference S Range Equipment a b n R?

149-22 371 COMP . 4.0422 0.8 1

. 15-3728 EXP - 1.1097 0.81 1
Seider et al. [41] 4-1115 STHE 23.0784 0.1165 1 0.9989

20.7139 0.208 0.9166 1

75-3000 COMP - 1.8337 0.9435 1

Peters et al. [42] 100-3000 EXP - 6.9313 0.5889 1
eters et al. 10-1000 STHE 12.342 0.17 1 0.9991
9.0307 0.2889 0.9239 0.9997

149-22, 371 COMP - 19.235 0.62 1

c tal. [43] 15-3728 EXP - 0.9731 0.81 1
ouper etal 14-1115 STHE 7.0232 0.2479 1 0.9996
9.5624 0.1785 1.0469 0.9999

2-4000 COMP - 2.198 0.9 1

Woods [44] 746-22,371 EXP - 1.7929 0.8 1

20-1150 STHE - 2.8628 0.65 1

75-30,000 COMP 888.122 30.625 0.6 1

Towler and Sinnott [45] 1000-15,000 EXP * 1026.8 0.1968 1 1

10-1000 STHE 49 0.1072 12 1
450-3000 COMP - 4.2380 0.71 0.9993
Turton [46] 100-3000 EXP ~2140.823 1641.81 0.0712 0.9983
20-1000 STHE 34.1951 0.0876 1.1532 0.9999

* Shah et al. [47]. For compressors and expanders, the equipment attribute is in kW; for heat exchangers, it is in m2.

4.1. Example 1

This example considers the integration of compressors into a HEN, optimizing the
compressor inlet temperature. Data for this example are taken from the literature [4]
and presented in Table 3. Only the S2 stream is pressure-changing, while S1 and S3 are
non-pressure-changing streams. All streams are considered an ideal gas with polytropic
exponent k = 1.4. The EMAT is set to be 20 K. In addition, the annualization factor for the
investment is calculated for an interest rate of 8% over a period of 10 years. The example is
solved by considering the different investment cost equations given in Table 2. In addition,
a basic sensitivity analysis is performed, comparing the network designs for different
electricity costs.

Table 3. Stream data for Example 1.

Stream TV (K) T (K) mcp, kKW/K)  pli™ (MPa)  pP") (MPa)  h (kW/m2K)

S1 637 333 2 0.1 0.1 0.1
S2 288 523 1 0.1 0.3 0.1
S3 472 543 4 0.1 0.1 0.1
HU 673 673 - - - 1
CcuU 288 288 - - - 1

Table 4 shows the optimization results for Example 1 using different equipment cost
equations from Table 2. Note that the key performance indicators (utility consumption
and OPEX) are the same in all cases, resulting in the same network design. However,
the CAPEX is shown to be significantly different for the four cases; thus, the TAC can be
overestimated or underestimated, showing the importance of having quality cost data.
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Table 4. Network performance indicators for Example 1 with different cost equations.
Indicator Unit Seider et al. [41] Couper et al. [43] Peters et al. [42] Towler and Sinnott [45]
No. of HEs - 5 5 5 5
No. of COMP - 1 1 1 1
HU demand kW 235.587 235.587 235.587 235.587
CU demand kW 135 135 135 135
Compression work kW 174.41 174.41 174.41 174.41
Total CAPEX k$ 407.928 598.092 363.073 1908.525
CAPEX k$/y 60.685 89.133 54.109 284.427
OPEX k$/y 181.683 181.683 181.683 181.683
TAC k$/y 242.368 270.816 235.792 466.110

References point to the cost equations in Table 2.

Figure 6 shows the optimal network design for Example 1. The S1 stream is a hot
stream cooled at a constant pressure in two heat exchangers (with heat loads 360 kW
and 185 kW) and one cooler (135 kW) to obtain the stream target temperature. The 52
stream is not compressed at the lowest temperature but at the pinch temperature. Thus,
the 52 stream changes its identity; stream S2 is cold before and hot after the compression.
The compression heat is used to preheat the cold S stream. The S3 stream is a cold
stream integrated within two parallel heat exchangers (with heating loads of 360 kW and
124.41 kW); additionally, a heater is required with a heat load of 235.59 kW to meet the
stream’s target temperature.

S1 673K

—~ 493K~ 4005K = 333K
0.1 MPa [2] ~ ~ \{ 0.1 MPa [2]
I T CigsIw T W
_1,7,4,411<,W, ‘,6,,9, ,7,8,111,,, ,,2,0,1,8, m*
f 647.41 K K\ 473K 288K S2
360 kW 0.3 MPa | ~ 0.1 MPa [1]
168.77 m?!
‘ ~ 523K
~ 0.3 MPa
77777777777777777777777 1 24’211"1{\2\7’
23559 kW,

6065m |

473K S3

0.1 MPa [4]
593.51 K

[1.032]

Figure 6. Optimal network design for Example 1.

Table 5 compares the results of two case studies presented in the literature by Fu
and Gundersen [4] with our approach. Case A is a network design where compression
starts at ambient temperature, and Case B is compression at the pinch, as suggested by
the proposed pinch methodology in their work, minimizing the exergy consumption of
the system. The network design in this work is the same as in Case B, with very small,
negligible differences in the network design parameters, possibly related to rounding errors.
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Table 5. Network performance indicators for Example 1.

Fu and Gundersen

Fu and Gundersen

Indicator Unit [4] Case A [4] Case B This Work
HU demand kW 410 235.5 235.59
CU demand kW 241.3 135.0 135.0
Compression work kW 106.3 174.5 174.41
Exergy consumption kW 340.8 309.2 309.2
Total CAPEX k$ 1742.0 1908.73 1908.52
CAPEX k$/y 259.610 284.457 284.427
OPEX k$/y 227.073 181.691 181.683
TAC k$/y 486.682 466.148 466.110

In addition, a basic sensitivity analysis is performed for a value that is 50% of the
base value for electricity cost (0.45505 k$/kWy). The optimization results are presented in
Table 6. For an electricity cost that is —50% of the base value, the optimal network design is
the same as for the base electricity cost. However, for an electricity cost of +-50% of the base
electricity cost, the optimal network design (Figure 7a) exhibits reduced work consumption
(106.2 kW compared to 174.41 kW for the base cost design) due to the compression of
stream S2 at ambient temperature. This reduces the heat recovery as the stream leaving the
compressor now acts as a cold stream requiring heating; thus, increased utility consumption
is needed. Compared to the solution obtained by Fu and Gundersen [4] for the case of
ambient compression (see Figure 7b), the optimum network design exhibits the same exergy
consumption (340.8 kW) but a slightly lower TAC (501.723 k$/y compared to 506.375 k$/y)

due to the reduced number of heat exchangers and thus the HEN investment cost.

[1.722] 483K

S1 673K | [0.722] 333K
0.1 MPa [2] o K 0.1 MPa [2]
[0.275]” 442K 2412KW |
55 KW| 25.77m’.
11125.51 m?
923K | A 3842K (7], 255K S2
03MPa, 03MPa | 01MPalfl]
PAI0KW 3”31’0JI<W"} R
50.70 m” 110.84 m” 1062 kW
693K . 990.9K -~ 473K S3
0.1MPa 0.1 MPa [4] (a)
S 673K . 483K~ 498.69K o 333K
0.1MPa [2] W/ - & 01MPa 2]
3"3’60"1<W"3 v ’7’5.’7"1{\2\7’3 i 2’4’1’.3‘1{W"3
137.65m?  143.95m’ ! 25.77m?
923K ! @ 473K A 3843K (| 255K S2
03MPa = " 03MPa | 01MPali]
360 kW [ 90KW o
79.72m’. 3l6m’ 1063 kW
693 K . 963K 73K S3
0.1 MPa ~ 0.1 MPa [4] (b)

Figure 7. Optimal network design for Example 1 considering electricity cost of 0.6826 $/kWy.

(a) Optimum design in this paper, (b) optimum design from Fu and Gundersen [4] Case A.
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Table 6. Sensitivity analysis for Example 1 regarding electricity cost.

Electricity Cost (k$/kWy)

Indicator Unit

0.2275 0.45505 0.6826
No. of HEs - 5 5 4
HU demand kW 235.59 235.59 410
CU demand kW 135.0 135.0 241.2
Compression work kW 174.41 174.41 106.2
Exergy consumption kW 309.2 309.2 340.74
Total CAPEX k$ 1908.52 1908.52 1681.17
CAPEX k$/y 284.427 284.427 250.543
OPEX k$/y 141.995 181.683 251.18
TAC k$/y 426.422 466.110 501.723

4.2. Example 2

This example considers the integration of expanders into the HEN, optimizing the
expander inlet temperature. Data for this example are taken from the literature [5] and
presented in Table 7. Only the S1 stream is pressure-changing, while S2, S3 and S4 are
non-pressure-changing hot and cold streams. All streams are considered ideal gases with
polytropic exponent k = 1.4. The EMAT is set to be 20 K. In addition, the investment
annualization factor is varied from 0.08 to 1 to analyze its impact on the optimal network
design. Equipment cost data are based on the equation from Couper et al. [43] presented
in Table 2.

Table 7. Stream data for Example 2.

Stream T (K) T (K) mc, (KW/K) p& (MPa) pu (MPa)  h (kW/m2K)
s1 673 333 3 0.3 0.1 0.1
S2 603 353 9 0.1 0.1 0.1
S3 288 493 6 0.1 0.1 0.1
S4 413 653 8 0.1 0.1 0.1
HU 673 673 - - - 1
CuU 288 288 - - - 1

Table 8 shows the optimization results for the optimal designs with different annual-
ization factor values. Lower values of the annualization factor (e.g., 0.08) give designs with
higher total investment costs for the expanders and compressors. However, the annualized
investment cost is lower because the investment is distributed over a longer depreciation
time. In addition, the hot and cold utility consumption is minimal compared to other
solutions. The annualization factor is a trade-off parameter between the operational and
investment costs; increasing the annualization factor places more weight on the invest-
ment, and, thus, the total investment decreases while the annualized investment increases.
This reduces the work produced in the expander and increases the hot and cold utility
consumption. Thus, for a value of af = 1, we have the lowest total investment cost, corre-
sponding to the minimum work produced and the highest utility consumption. However,
because the total investment is the lowest, we have a simpler network design with fewer
heat exchangers.

Figure 8 shows the optimal network design with the annualization factor af = 0.1.
The S1 stream is a hot stream cooled to almost 498 K in a series of two heat exchangers with
heat loads of 210 kW and 313.59 kW, respectively, and then expanded from 0.3 MPa to 0.1
MPa, producing 402.86 kW of work. An additional heat exchanger with a load of 26.41 kW
and a cooler with a load of 67.14 kW are placed after the expander to reach the target
temperature of 333 K. The S2 stream is cooled in a series of four heat exchangers (with a
total heat load of 2250 kW). The S3 stream is completely integrated within a series of four
heat exchangers (with a total heat load of 1230 kW), without external heating or cooling,
while the 54 cold stream requires a series of three heat exchangers (with a total heat load of
1570 kW) and an additional heater with a heat load of 350 kW. The optimal network design
consists of a total of seven heat exchangers (heat recovery 2800 kW), one heater (350 kW)
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and one cooler (67.14 kW). Figure 9 shows the optimal network design for a case with an
annualization factor of 0.2. The optimal network design now has fewer heat exchangers
(7 vs. 9), less work produced and more utilities consumed, for the reasons previously
explained. Figure 10 shows an even simpler optimal network design for an annualization
factor af = 1, with the additional expense in the OPEX and significantly increased utility
consumption, where the income from expansion no longer covers the hot and cold utility
costs, as indicated by the positive OPEX value in the last column of Table 8.

Table 8. Optimal network performance indicators for Example 2. A comparison regarding different
annualization factors.

Annualization Factor

Indicator Unit

0.08 0.1 0.2 0.3 0.5 1
No. of HE 9 9 7 7 6 6
HU demand kW 350 350 350 366.55 401.46 491.70
CU demand kW 67.07 67.14 81.44 98.99 153.09 243.33
Expansion work kW 402.93 402.86 388.56 387.55 368.37 368.37
Total CAPEX k$ 644.88 643.857 598.897 567.351 493.432 435.125
CAPEX k$/y 51.59 64.386 119.779 170.205 246.716 435.125
OPEX k$/y —44.696 —44.658 —36.721 —28.268 —0.965 42.079
TAC k$/y 6.894 19.727 83.058 141.937 245.751 477.204

Table 9 compares the results with those from the literature [5]. The previous authors
presented an exergy-pinch-based methodology to find the optimum network design with
the minimum exergy consumed by the system. Different cases, A, B and C, correspond to
different network designs based on the proposed set of rules for the expansion of streams
at different temperatures. The cost for the network designs has been recalculated based
on their optimal design. Network design C (Example 5, Case C in their work [5]) has the
lowest exergy consumption (but the highest exergy production) but, interestingly, also the
lowest TAC of the three designs. However, because the authors did not minimize the TAC
of the network, our design exhibits a lower TAC, with fewer heat exchangers and only
one expander, but with increased exergy consumption (decreased exergy production).

B 673K ~ 603K 12417 K 619K —~ 38834 K g 333K
0.3 MPa [3] ~/ : \ ~ & 0.9MPa
L - A L e Te79 Gk
388G+ 10546C 5619Ck & L 9B.35m°.
\77.37m° L 7.82m° !
123K 11073K  ~19.5K ~ 5251K 544K B
0.9MPa O ~ ~ " 0.9MPa [6]
50k B2.53 k- 730.76 (k|
L9981 m° | $7.24 m°_ 132248 m°
B 603K ~ 16916 K - 11376 K ~ 1315K A 383K _
09MPa 2] A ~ ~ 09MPa
380 Gk (’95’7’3’.’44’(1&"'3 465 k-
905.58 m’ ‘ . 2%.49m° 143.68m°
633K o 60258K . 843K 15376 K A 18K H
0.9MPa ® U N /" 0.9MPa [4]

Figure 8. Optimal network design for Example 2 (af = 0.1).
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Figure 9. Optimal network design for Example 2 (af = 0.2).
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Figure 10. Optimal network design for Example 2 (af = 1).

Table 9. Network performance indicators and results comparison for Example 2 (af = 0.1).

Fu and Fu and Fu and
Indicator Unit Gundersen [5] Gundersen [5] Gundersen [5] This Work

Case A Case B Case C
No. of HEs - 7 8 9 7
No. of EXP - 1 1 2 1
HU demand kW 694 637.5 350 350
CU demand kW 270 270 63.5 67.14
Expansion work kW 543.9 487.5 406.6 402.86
Exergy consumption kW —147.0 —122.9 —206.4 —188.34
Total CAPEX k$ 651.771 599.452 772.952 643.857
CAPEX k$/y 65.177 59.945 77.295 64.386
OPEX k$/y 41.131 45.496 —46.727 —44.658
TAC k$/y 106.308 105.441 30.568 19.727

4.3. Example 3

In this example, compression and expansion are considered simultaneously. The
stream data for Example 3 are given in Table 10, provided from the literature [48], with the
equipment cost data given in Table 2, using the cost equations from Couper et al. [43] and
Towler and Sinnott [45]. In addition, we consider the direct and indirect installed costs for
the equipment accounted for by bare module factors FBMexc = 3.29, FBMcomp = 2.8 and
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FBMexp = 3.5 from the literature [46]. The annualization factor for the investment is 0.18.
The isentropic efficiency of the compressors and expanders is 1, and The EMAT is 20 K.

Table 10. Stream data for Example 3.

Stream T (K) T (K) me, (kKW/K) p& (MPa) pu (MPa)  h (kW/m2K)
s1 673 308 2 0.2 0.1 0.1
S2 593 433 4 0.1 0.1 0.1
S3 383 308 3 0.1 0.1 0.1
S4 288 653 3 0.1 0.2 0.1
S5 463 523 10 0.1 0.1 0.1
HU 673 673 - - - 1
CU 288 288 - - - 1

Figure 11 shows the optimal network design with the minimum TAC for the cost
equation from Couper et al. [43]. The optimal design exhibits a rather complicated network
including five heat exchangers, one heater and two coolers, with hot and cold utility
consumption of 350.61 kW and 304.92 kW, respectively. The expansion of stream S1 starts
at 375.46 K (the work produced is 134.91 kW) with the outlet stream at the required target
temperature. The compression of stream 54 starts at ambient temperature, 288 K, with the
work consumed being 189.23 kW. Interestingly, stream S3 is not integrated because it is
the hot stream at the lowest temperature and requires cooling of 225 kW. The OPEX of the
network is 187.387 k$/y with an annualized investment of 409.508 k$/y. The TAC of the

network is 596.895 k$/y.
H 83K 243K~ 21629K . 356.28K (| 34K
0.9 MPa [9] N o N 0.1 MPa
‘ | T SR |
Bl o) 292K | 494W . 13271k
‘ 2495K 233K
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304 K
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289.5K

283K Hb
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Figure 11. Optimal network design for Example 3 (cost equation from Couper et al. [43] with
af =0.18).

Example 3 is also solved using a different cost equation from Towler and Sinnott [45]
in Table 2, showing that the selection of the cost equation does affect the optimal design,
in contrast to the solutions obtained for Example 1, where all cost equations considered
gave the same optimal network design. Figure 12 shows the optimal network design in
this case. This design is much simpler, including three heat exchangers, one heater and
two coolers, with hot and cold utility consumption of 485.77 kW and 401.44 kW, respectively.
The expansion of stream S1 now starts at a higher temperature of 483 K (the work produced
is 173.55 kW vs. 134.9 kW), with the outlet stream requiring additional cooling (176.44 kW)
to achieve the target temperature. The compression of stream S4 also starts at ambient
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temperature, 288 K, for a total amount of work consumed of 189.23 kW (the same as
in the design shown in Figure 11). Stream S3 is not integrated. Table 11 compares the
results with the literature, where the authors [48] presented three cases of optimal designs
using a systematic approach based on thermodynamic insights to minimize the exergy
consumption of the system. The cost for their designs was recalculated using the cost data
provided for this example.
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Figure 12. Optimal network design for Example 3 (cost equation from Towler and Sinnott [45] with

af =0.18).

Table 11. Network performance indicators for Example 3 (cost equation from Towler and Sinnott [45]).

Fu and Fu and Fu and
Indicator Unit  Gundersen [48] Gundersen [48] Gundersen [48] This Work

Case I Case I1 Case III
No. of HEs - 8 8 11 6
No. of EXP - 1 1 2 1
No. of COMP - 1 1 2 1
Hot utility demand kW 591.8 119.4 37.6 485.71
Cold utility demand kW 4394 150 91.7 225
Compression work kW 189.3 304.2 3124 189.23
Expansion work kW 241.8 173.6 158.3 173.55
Exergy consumption kW 286.0 198.9 175.6 293.6
Total CAPEX k$ 10,037.51 10,824.71 18,246.25 9574.04
CAPEX k$/y 1806.75 1948.45 3284.32 1723.33
OPEX k$/y 243.120 119.445 93.45 230.392
TAC k$/y 2049.87 2067.89 3377.794 1953.742

In addition, we use the cost equation from Towler and Sinnott [45], with the annual-
ization factor now having a value af = 0.08. This places more weight on the operational
expenditures, and, as a result, we have an entirely different network design with a re-
duced OPEX compared to the solution with af = 0.18. The optimal network design
shown in Figure 13 exhibits cold utility consumption of only 96.02 kW, without using
hot utilities. This results in a network design requiring much more compression power
(351.96 kW vs. 189.23 kW). Expansion starts at a lower temperature; thus, the work pro-
duced is reduced (155.94 kW vs. 177.55 kW). Notice that the S3 stream is fully integrated
and does not require cold utilities. The TAC of this optimal design is 973.29 k$/y, compared
to the best design from Fu and Gundersen [48] (Case Il recalculated for af = 0.08), with a
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TAC 985.42 k$/y. The difference in cost is about 1.2%. The reason for the much smaller
difference in cost is that the designs from Fu and Gundersen [48] favor the cases in which
less weight is placed on the investment cost. In these cases, their methodology gives very
good results (cost-wise), even if the objective is to minimize the exergy consumption.
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Figure 13. Optimal network design for Example 3 (cost equation from Towler and Sinnott [45] with
af =0.08).

4.4. Example 4

The previous example considered both compression and expansion simultaneously.
However, only one stream is expanded, and one stream is compressed. Thus, Yu et al. [34]
modified Example 3 to create a problem wherein all streams are subject to a pressure change.
In addition, the supply and target temperatures are the same for all streams, so it is unclear
which streams should be hot or cold before optimization. The proposed superstructure in
this work enables the handling of unclassified streams; each can be hot or cold before and
after the pressure change stages. The stream data for this example are given in Table 12.
In addition, to compare the results, the cost data given in Table 13 are provided from
the literature [27]. The original cost equation for the heat exchangers in the reference is
93,500.12 + 602.96 A + 0.149 A2 and is converted to the standardized model a + bA" used
in this paper. The R? of the fit is 0.9999, making the error negligible compared to the
original equation. The annualization factor for the capital investment is 0.18. The isentropic
efficiency of the compressors and expanders is 1. The exchanger’s minimum approach
temperature is 20 K.

Table 12. Stream data for Example 4.

Stream T (K) T (K) mc, (KW/K) p (MPa) pu (MPa)  h (kW/m2K)

s1 623 623 2 0.2 0.1 0.1
S2 593 593 4 0.2 0.1 0.1
S3 383 383 3 0.2 0.1 0.1
S4 323 323 3 0.1 0.2 0.1
S5 463 463 10 0.1 0.2 0.1
HU 673 673 - - - 1

CU 288 288 - - - 1

56



Energies 2024, 17,1753

Table 13. Cost data for equipment and utilities for Example 4.

Reference Equipment a b n
COMP - 51,104.85 0.62
Lin et al. [27] EXP - 2585.47 0.81
STHE 99,163 250.9 1.1577
Cost Parameter Ce(lc"“s) Ce(lP rod) CHu Ccu
$/kWy 455.05 364.03 337 100

For compressors and expanders, the equipment attribute is in kW; for heat exchangers, it is in m?. The equipment

costisin $.

Figure 14 shows the optimal network design obtained using the proposed super-
structure and optimization model. The S1 stream’s expansion starts at the maximum
temperature, producing 223.86 kW of work. The stream leaving the expander is a cold
stream requiring heating with hot utilities, with the load equal to the work produced.
The S2 stream changes identity, from first being a hot stream cooled before the expansion
and then a cold stream after the expansion. The heating of the S2 stream leaving the
expander is achieved in two heat exchangers, recovering 209.8 kW of heat in a match with
the hot S5 stream and 467.66 kW with the hot S2 stream (self-recuperation). Additional
heating (132.34 kW) is required to achieve the stream’s target temperature. Stream S3
is expanded at the stream’s initial temperature, producing 206.43 kW of work, and the
heating of the stream after the expansion is done by heat recovery from the hot stream S5.
Because the stream supply and target temperatures are the same, the heat required for
heating (206.43 kW) is equal to the work produced by the expander. The 54 stream is not
integrated with other streams.

T7689KW
7517m7  (77689kW|
LI76K . 5032K [ 976 K SO
3.0MPa [7] | 37MPa[7)

S7 516K o~ 42938K (| 61355K

37MPa[4] ] 3.0MPa[4]
1067.64 kW {’4’9’2’.’9"’9’ kW 647041<w
{676 m” | 1787.27 m’ |
516K \\. 55117K A 446K
" 3.0MPa [4] ~ N
 7318kW . {406.90kW | o
9.2 4038m” | 86085 kW |
S5 496K - 447.37K ~ 47062K C/ 621.80K 496 K
3.0MPa[®B] - hd 3.7 MPa [(B]
TR0A6KW,
500 m’ | 173946 kW
686K A 60K [ 686K S6
30MPaf6] | 37 MPal6]
o 1707.77 kW
707.77 KW | | 69.59m
1 676K N 61624K o 676K
3.0MPaf6] | hd 3.7 MPa [6]

Figure 14. Optimal network design for Example 4.
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The compression of the stream is performed at the stream’s initial temperature, followed
by cooling with cold utilities (212.22 kW). The S5 stream is identified as a hot stream being
cooled in a series of two heat exchangers and a cooler to reduce the work consumption
in the compressor (831.85 kW). The stream leaves the compressor exactly at the target
temperature. Table 14 shows the key network performance indicators and network costs
for Example 4. In addition, a comparison of the results with those in the literature is given.
Lin et al. [27] presented a global optimization approach for a minimal WHEN network where
the heat balance was based on enthalpy calculations using equations of state. The network
performance indicators from Lin et al. [27] were thus recalculated using parameters from
the optimal design and assuming a constant heat capacity flow rate. The optimal network
design obtained by Lin et al. [27] is shown in Figure 15. The TAC for their network using the
recalculated values (1549.028 $/y) given in Table 14 is only slightly different compared to
the optimal value in their approach of 1544.845 $/y. The network design shown in Figure 15
consists of only one heat exchanger, with a heat recovery load of 206.22 kW. This increases
the hot and cold utility consumption compared to the design reported in our work. The
heat content of S2 is used to produce work and not for heat recovery; thus, more work is
produced. Our design exhibits a higher CAPEX due to the higher HEN investment cost,
but the OPEX is reduced compared to the work of Lin et al. [27].

eBOIKM
_6440Kn° | 673 01KM |
L60R . 36 [ 160 S7
276 [ KBk 2 6 [ ] Kbk
BB4KM:
0L 81Kn® SBBA1IKM |
LA90R . 533170 [ 490R  S6
27K [ |IGk 2 6K [ | KBk
621 66KM |
030 ~_ 0B6IR [ 030R S0
276 [110k | 26K [110k
621 66K M | 1629KM |
52080 | i 411Kn® | | 3687KM |
S4 510~ 55603P H” 032 69 [N 510R
27K [1K2k 26K [ K2k
777777777777777 {67730KM |
167730KM 01 47Kn°
S5 060R My 09017R @ 060
27 [1K0k | 2 6K [ KDk

Figure 15. Optimal network design for Example 4 from the literature [27].

Table 14. Network performance indicators for Example 4.

Indicator Unit Yu et al. [34] Lin et al. [27] This Work
Number of COMP and EXP - 7 5 5
Number of HE units - 13 5 10
Hot utility demand kW 40 635.92 356.2
Cold utility demand kW 342.7 832.73 627.83
Compression work kW 1127.3 1038.93 1044.07
Expansion work kW 827.4 842.14 77243
Total CAPEX k$ 9719.198 6029.103 6421.778
CAPEX k$/y 1749.455 1085.239 1155.92
OPEX k$/y 259.528 463.79 376.749
TAC k$/y 2008.983 1549.028 1532.658
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However, although the proposed approach used in Lin et al. [27] gives a global
solution to their minimal WHEN superstructure, it is still not the global solution to the
problem, since their superstructure may not include all possible options for work and heat
integration. Using our approach, a set of local solutions can be obtained, as shown in
Figure 16, and some of the solutions are practically the same as the solution obtained by
Lin et al. [27]. It should also be mentioned that the solution from Yu et al. [34] in Table 14 is
based on exergy rather than economy considerations.
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Figure 16. Local optimization solutions for Example 4.

4.5. Model Statistics

The model is solved on a computer with a 2.8 GHz processor with 4 cores and 16 GB
of RAM. Table 15 shows the basic model statistics, including the model sizes and computa-
tional times for both steps of the proposed solution strategy. Statistics are presented for
several cases to give a basic understanding of the model sizes and computational effort. The
statistics for Example 1 are given for the model with the cost equation from Seider et al. [41]
and those for Example 3 for the model with the cost equation from Towler and Sinnott [45].
The model statistics for Example 2 are given for an annualization factor of 0.1.

Table 15. Model statistics for studied examples.

Example 1 Example 2 Example 3 Example 4
Step 1—NLP
No. of equations 120 157 210 229
No. of continuous variables 114 153 202 221
CPU time, s 3.8 24 0.1 379
Step 2—MINLP
No. of equations 353 486 773 713
No. of continuous variables 323 466 866 744
No. of discrete variables 23 31 50 45
CPU time, s 33 26.9 546 221

5. Conclusions

This work presents a mathematical programming approach for the simultaneous
synthesis of work and heat exchange networks (WHENSs). A new superstructure for
work and heat integration is developed based on feasible thermodynamic paths, enabling
the heating, cooling and pressure changes of defined process streams. An additional
superstructure enables the HEN design of the overall problem. The proposed approach
solves the optimization problem in two steps. The first step identifies hot and cold streams
within the network and provides an initial solution for the second step of the proposed
approach. In the second step, the WHEN is synthesized, minimizing the TAC of the
network. The TAC of the network includes the OPEX (heating, cooling and electricity)
and CAPEX (expanders, compressors and heat exchangers). To validate the methodology,
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four examples are studied, including additional analyses of the effects of the electricity cost,
equipment cost and annualization factor on the network design. By varying the equipment
depreciation periods, one can obtain and compare different designs concerning the network
complexity, utility consumption and required CAPEX and OPEX. One important limitation
of the methodology presented in this paper is the assumption that all streams behave
as ideal gases. Both real gases and liquids should have been considered, adding pumps
as new pressure change equipment. Another limitation is that the two-step approach
cannot guarantee the global optimality of the networks developed. However, as argued in
the paper, a simultaneous (one-step) approach with such a rich superstructure would be
prohibitive from a computational point of view. Future work should consider handling
both liquids and real gases, including phase change operations. Additional equipment
should be added to the superstructure, such as pumps (to handle liquid streams) and single-
shaft turbine compressors (SSTCs) to enable additional work integration opportunities.
In addition, multiple thermal utilities with corresponding cost models should be considered.
Finally, multi-objective optimization should be explored with economic and exergetic
objective functions.
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Abbreviations

CAPEX Capital Expenditures

COMP Compressor

EMAT Exchanger Minimum Approach Temperature
EXP Expander

GAMS General Algebraic Modeling System
GDP Generalised Disjunctive Programming
HE Heat Exchanger

HEN Heat Exchanger Network

HRAT Heat Recovery Approach Temperature
MINLP Mixed Integer Nonlinear Programming
mpr Mathematical Programming

NLP Nonlinear Programming

OPEX Operational Expenditures

PA Pinch Analysis

STHE Shell and Tube Heat Exchangers

TAC Total Annualized Cost

WHI Work and Heat Integration

WHEN Work and Heat Exchange Network
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Indices

i Hot stream

j Cold stream

k Pressure change stage

s Process stream

Sets

K Pressure change stages

S Process streams

Subscripts/Superscripts

bypass Bypass

C Cooler

comp Compressor

cons Consumed

cs Cold stream/Cold supply

ct Cold target

CU Cold utility

ehs Exchanger’s hot stream

ecs Exchanger’s cold stream

exc Exchanger

exp Expander

H Heater

hs Hot stream/Hot supply

ht Hot target

HU Hot utility

IC Inter-stage cooling

id Ideal

IH Inter-stage heating

in Inlet

m Mixer

max Maximum

out Outlet

prod Produced

ub Upper bound

valve Expansion valve

Parameters

a Fixed cost for equipment, $

af Equipment investment annualization factor, 1/y
b Variable cost coefficient for equipment, $/attribute
BINT Binary parameter denoting existence of bypass, [—]
Ccu Cold utility cost, $/kWy

Chqu Hot utility cost, $/kWy

Cel Electricity cost, $/kWy

CINT Binary parameter denoting existence of compression stages, [—|
dp Depreciation period for investment, y

EINT Binary parameter denoting existence of expansion stages, [—]
FBM Bare module factor, [—]

h Individual heat transfer coefficient, kW / (mZK)
ir Interest rate for investment, % /100

n Cost exponent for equipment

K Isentropic expansion/compression coefficient, [—]
U Joule-Thompson expansion coefficient, K/MPa

7 Isentropic efficiency of compressor/expander, [—]
T.

s Process stream s supply temperature, K
TS("“” Process stream s target temperature, K
pgin) Process stream s supply pressure, MPa
pﬁ"ut) Process stream s target pressure, MPa
T Upper bound for temperature driving force, K
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Continuous variables

A Heat exchange area, m?

m, f Heat capacity flow rate, kW /K

T Temperature, K

p Pressure, MPa

q Heat load, kW

ATh Temperature difference at hot end of heat exchanger, K
ATc Temperature difference at cold end of heat exchanger, K
Binary variables

z Existence of equipment, -

Appendix A

Appendix A.1. Identification of Streams

The identification and ordering of hot and cold streams has been done according to the
proposed WHI superstructure. To facilitate the understanding of the stream numbering, an
extended superstructure for two process streams (|S| = 2) and three pressure change stages
(/K| = 3) is shown in Figure Al. The numbering of the streams starts from the hot and
cold streams related to the initial stream splitters for hot (HSS;) and cold streams (CSS;).
The number of related hot/cold streams equals the number of streams s (i = s) and the
connecting relations between the heat capacity flow rates and inlet/outlet temperatures are

given by Equations (A1)—(A6). (hs)

frem®® i (A1)
Ti(in) _ Ts(in), i—s (A2)
Ti(out) _ S(hs,out)’ i— (A3)
fi= mgcs), j=s (A4)
Tj(in) _ ), j=s (A5)
rlout) _ S(csrout), j=s (A6)

]

The numbering of the streams continues with the hot/cold streams related to the hot
target (HTM;) and cold target (CTM;) stream mixers. The number of related streams
equals the number of streams s. However, the numbering starts from |S|, as given by
Equations (A7)-(A12).

fi— mght), i=s+]S| (A7)
T = T s 4] (A8)
rlow) _ plow) i) (A9)

fi— m®, s8] (A10)
Tj(in) _ Ts(ct,in), j=s+|S| (A11)
Tj(out) _ Ts(out), j=s+|9] (A12)

Cooling the streams before compression reduces work consumption. At the same time,
compression increases the temperature of the stream. As a result, streams leaving the
compression stages are defined as hot streams requiring inter-stage cooling. The numbering
of hot streams continues from 2|S|, and the number of hot streams is related to the number
of compression stages |K| — 1, as described by the connecting Equations (A13)-(A15).

fi=ml™) i =218 +s(|K| —1) — (K| =1 —k) Ak < |K| A K| > 1 (A13)

(in) _ -(IC/in)
Tim =T P

s, 4

i=2|S|+s(K|—1) = (K| —1—K) Ak < |[K|AK| >1  (Al4)
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T = 705, i =208| +s(|K| —1) — (K| = 1K) Ak < [K|A K| > 1 (A15)
Heating of the streams before expansion increases the work production. At the same
time, expansion decreases the temperature of the stream. As a result, streams leaving the
expansion stages are defined as cold streams requiring inter-stage heating. The numbering
of the cold streams continues from 2|S|, and the number of cold streams is related to the
number of expansion stages |K| — 1, as described by the connecting Equations (A16)—-(A18).

fi=m®, j=2[S| +s(|K|—1) = (K| =1 —k) Ak < [K|A[K| > 1 (A16)
T = T, j=218|+ (K| —1) = (K| = 1—K) Ak < [K[A[K] > 1 (A1)

IH, .
T = 70 j =25 +5(|K| = 1) = (K| = 1=K Ak < [K|A[K| > 1 (A18)
Appendix A.2. Additional Constraints

To facilitate the solution of the second MINLP model, the binary variables identifying
the existence of heat exchangers, heaters and coolers are constrained to values 0 or 1 based
on the existence of hot and cold streams within the first NLP model as follows:

1 ifec; >0Aec; >0
2 < if ec; > ecj > (A19)
0 else
S < 1 ifec; >0 (A20)
"Z 10 else
1 ifec;
2 < ifec; >0 (A21)
0 else

k=1 ‘ k=2 ; k=3

oo

Figure Al. Representative WHI superstructure for two process streams and three pressure
change stages.
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Abstract: The process integration and electrification concept has significant potential to support
the industrial transition to low- and net-zero-carbon process heating. This increasingly essential
concept requires an expanded set of process analysis tools to fully comprehend the interplay of heat
recovery and process electrification (e.g., heat pumping). In this paper, new Exergy Pinch Analysis
tools and methods are proposed that can set lower bound work targets by acutely balancing process
heat recovery and heat pumping. As part of the analysis, net energy and exergy load curves enable
visualization of energy and exergy surpluses and deficits. As extensions to the grand composite
curve in conventional Pinch Analysis, these curves enable examination of different pocket-cutting
strategies, revealing their distinct impacts on heat, exergy, and work targets. Demonstrated via case
studies on a spray dryer and an evaporator, the exergy analysis targets net shaft-work correctly. In
the evaporator case study, the analysis points to the heat recovery pockets playing an essential role in
reducing the work target by 25.7%. The findings offer substantial potential for improved industrial
energy management, providing a robust framework for engineers to enhance industrial process and
energy sustainability.

Keywords: process integration; pinch analysis; process electrification; heat pumps; exergy analysis;
energy efficiency

1. Introduction

Industrial process electrification is an increasingly critical pathway to minimise on-site
and lifecycle greenhouse gas (GHG) emissions as national and regional grids move toward
low- and net-zero-carbon renewable electricity production. Process electrification involves
the complex interplay of heat and power at the process level and is commonly achieved
using closed-cycle heat pumps or directly integrating gas compressors and expanders
into a process. New process technologies that use electricity can also replace old process
technologies that rely more on steam heating. The appropriate adoption of electrification
technologies requires supporting process integration methods, such as Pinch Analysis (PA)
and its derivatives, to enable their effective application.

The development of PA in the 1970s has been extensively applied within the processing
industry to improve heat recovery and design more efficient industrial systems [1]. Early
in its development, PA focused on the efficient use of heat energy through heat exchanger
network synthesis [2], appropriate heat recovery and utility placement, and multiple
process heat integration, i.e., Total Site Heat Integration [3]. Case studies using PA resulted
in energy-efficient heat exchanger networks with savings between 20 and 40% being

Energies 2024, 17, 2838. https:/ /doi.org/10.3390/en17122838 66 https://www.mdpi.com/journal/energies



Energies 2024, 17, 2838

historically common [4]. In conventional PA, the concepts of Heat Pinch and the appropriate
placement principle for heat pumps are sufficient to analyse system performance and
determine the best integration point for a heat pump using the grand composite curve
(GCC). However, as electrical/work devices become a more common process utility, the
need for deeper insights into the trade-offs between heat flow and temperature increases.
As a result, exergy analysis becomes increasingly critical to design an efficient utility system
that relies more on electricity than conventional fuels.

Exergy analysis adds a measure for work potential to different energy forms relative
to the system’s surrounding environment. It therefore provides a quantitative measure
of process inefficiencies for differing energy streams [5]. The capability to determine the
energy quantity of a given stream using exergy analysis therefore allows better insight into
combined heat and work systems and how they should be designed and retrofitted when
using existing process integration methods [6]. Exergy and electricity are closely related.
Exergy represents the maximum potential for a system to perform useful work as it reaches
equilibrium with the environment (dead state). The reverse is also true; exergy represents
the minimum work required to increase the quality of energy in a direction away from the
dead state conditions. Such work transfer can link to electricity generation or consumption,
as the case may be. As a result, exergy has been applied as part of PA to understand the
potential for electricity generation, consumption, and optimisation.

Exergy was first included in PA by Umeda et al. [7] using the Carnot factor
(7 =1—TL/Ty). Feng and Zhu [8] refined the Carnot factor into a more accurate exergy-to-
energy ratio, which they called the energy level. Anantharaman et al. [9] followed a similar
approach to produce energy-level composite curves and an energy-level GCC. However,
the energy level concept often produces nonlinear composite curves, complicating their
interpretation. Aspelund et al. [10] presented a succinct Extended Pinch Analysis and
Design (ExXPAND) method focusing on sub-ambient processes where electricity-driven
refrigeration systems are the primary utility. Their analysis showed that process modifica-
tions can be made to optimise the compression and expansion work to produce the required
cooling duties. Marmolejo-Correa and Gundersen [11] introduced a new Exergy Pinch
Analysis that mirrored conventional PA. Their Exergy Pinch Analysis used an exergetic
temperature (a transformation of normal temperature given a dead state temperature) in
place of temperature and temperature-based exergy in place of enthalpy (or heat flow).
These improvements enabled direct targeting of exergy requirements, deficits, and destruc-
tion for the first time. Hamsani et al. [12] later extended the concept to an exergy GCC
backed by an Exergy Problem Table Algorithm.

A common challenge with all the previous forms of Exergy Pinch Analysis is the diffi-
culty in interpreting the results (e.g., graphs) in ways that add value beyond conventional
heat PA. Marmolejo-Correa and Gundersen [11] attempted to set exergy targets, but these
are still at least one step removed from a meaningful work (and electricity) target that
can be used as a benchmark. Hamsani et al. [12] also proposed work targets; however,
as will be demonstrated in this study, these targets assume all exergy surpluses are re-
covered through a heat engine and all exergy deficits are fulfilled by heat pumping from
ambient temperature, which is inefficient in practice. As a result, new or extended process
integration methods are needed to address the challenge and opportunity presented by
process electrification.

PI&E aims to harness process integration to maximise system efficiency in the context
of process electrification where systems rely on electricity as the primary utility (instead of
heat). Process electrification includes a range of technology solutions, such as heat pumps,
electrode boilers, and electricity-driven processes, that enable the transition from fossil fuels
to electricity. This concept has found strategic value for low-temperature heat industries,
e.g., dairy processing [13] and food processing [14]. Complete process electrification is
now economically viable for many low-temperature processes using existing technologies.
However, the efficient and economical integration of electrification technology requires
systematic analysis to ensure appropriate placement, operation, and design. Lincoln
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et al. [15] presented an iterative approach to PI&E as shown in Figure 1. This method
draws on many existing process integration tools and concepts, together with process
simulation, to synthesise a systematic design method. A challenging part of the method is
the application and interpretation of the Exergy Pinch Analysis step in ways that provide
deeper insights than heat PA alone. This study looks in more depth at how to gain such
insights through an improved exergy targeting method.

Initial process design Set PE targets
selected 9

1 I

h 4
| Develop/modify | Optimise process
”| process simulation ”| operating conditions

Revise process
design (inc. HEN
diagram)
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Integration of process
electrification
technology
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Apply exergy Pinch |
Analysis

A

Selection of appropriate
electrification
technologies

Figure 1. Process integration and electrification (PI&E) method proposed by Lincoln et al. [15].

This paper proposes a method to calculate a minimum (lower bound) net shaft-work
target that takes advantage of heat recovery pockets. By setting a meaningful net shaft-work
target, the interpretation of Exergy Pinch Analysis becomes more definitive, analogous to
heat PA, and useful in PI&E studies. The study analyses two case studies: a spray dryer and
an evaporator. The spray dryer is a relatively simple case where the process does not contain
any heat recovery pockets and the heat and exergy Pinch Points occur at an equivalent
temperature. The evaporator, in contrast, is a case where there are several heat recovery
pockets, and the heat and exergy Pinch Points correspond to different temperatures. A
systematic investigation of heat recovery pockets on the heat and exergy GCCs provides
an improved understanding of the exergy, or shaft-work, trade-offs that are inherent with
these pockets from the problem during targeting.

The organisation of the paper is as follows. In Section 2, the new method for exergy
targeting is presented. Focus is given to setting targets that assume the thermodynamic
potential within heat recovery pockets can be realised. The method produces two sets of
exergy-based targets that correspond to lower and upper bound net shaft-work targets
when integrating heat engines and heat pumps into the process. Section 3 then presents
two case studies. The first is a spray dryer, a case without heat recovery pockets. The
second is an evaporator, a case with heat recovery pockets. These two cases illustrate how
the method can apply to both cases. In case two, a range of network shaft-work targets
are calculated for different levels of heat recovery pocket utilisation. Following the results
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section, Section 4 discusses the key challenges in using the proposed method in practice
and the implications for designing a combined heat and work exchanger network. Finally,
Section 5 reiterates the most significant conclusions from the study.

2. Methods

In shifting towards process electrification for energy decarbonisation, exergy can be a
useful metric to evaluate and compare the efficiency of different designs [16]. PA assists
in guiding the design process, simulation provides a rating of a design, while exergy is
used to determine the thermodynamic inefficiencies and potentials of unit operations and
streams. All three analyses are critical to gaining the insights needed to improve design.

The exergy evaluation and targeting methods in this paper follow the principles
of the EXPAND method [10] and its graphical representation of Marmolejo-Correa and
Gundersen [11]. An extension by Hamsani et al. [12] details how an exergy GCC can
determine accurate targets for the total exergy deficit and surplus of a process system. To
better understand the context of this study, the reader is encouraged to review these latter
two works. Figure 2 presents the new method developed as part of this study. It builds
on the work of Hamsani et al. [12]. The method has been implemented in the OpenPinch
Excel Workbook, which was created by the corresponding author. The interested reader
can contact the corresponding author for more details.

Step 1 Gather Stream Data Step 2 Shift stream temperatures
TT*(°C)

Stream Name T Supply (°C) | T Target(°C) | AH (kW)
Cold Stream One | 70 90 100
Hot Stream One | 70 69 300
Hot Stream One | 20 69 200

AH (kW)

Step 3 Create Problem Table Step4  Select Pocket Cutting Method
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Figure 2. Graphical outline for Exergy Pinch Analysis targeting method. Note: T* refers to shifted or
intermediate temperatures, and T** refers to utility temperatures.
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2.1. Stream Data Extraction

The first step is common to all process integration studies. One needs to collect hot
and cold stream data for a process, including supply and target temperatures, supply,
target pressures (where pressure change is significant), and heat duty. Often extracting
the stream data relies on a mass and energy balance or a process simulation to ensure the
temperatures and pressures are accurate. This step, often non-trivial, can be one of the
most time-consuming when conducting an industrial analysis.

2.2. Initial Stream Temperature Shifts and the Problem Table

Next is to calculate the problem table, which analyses a process from the perspective
of defined temperature (or exergetic temperature) intervals. All process temperatures need
to shift according to a minimum approach temperature contribution, ATeous (0r 0.5 AT)1),
to an intermediate temperature scale, T*. Hot streams (i) are shifted down in temperature,
while cold streams (j) are shifted up in temperature.

Tlfot,i = Thot,z’ - ATcom‘,i (1)

T:old,j = Leold,j + ATcont‘,j (2)

The well-established Problem Table Algorithm (PTA) can then obtain heat recovery
and utility targets. Its data also underpin the graphical plots of the process CCs and GCC.
As this method is standard practice, the reader who is unfamiliar with this method is
referred to the Handbook of Process Integration [17].

2.3. Heat Recovery Pocket Analysis and Cutting

Using the GCC, it is necessary to identify the portions of the heat pockets intended to
be used for internal heat recovery or to be used in conjunction with heat pumps or heat
engines. This step represents a deviation from previous works. Hamsani et al. [12] assumed
heat recovery pockets would be used for internal heat recovery only, simplifying the
exergy analysis but also eliminating the potential for thermodynamic efficiency gains. They
did, however, calculate the avoidable exergy destruction that occurs due to heat recovery
within a pocket at temperature differences above the pre-defined minimum approach
temperatures. This gave rise to the question that this study seeks to answer: what is the
benefit of utilising the thermodynamic potential of the heat recovery pockets in the context
of process electrification?

Heat recovery pockets represent areas on a GCC with internal process heat recovery
potential. Conventionally, extended PA methods, such as Total Site Heat Integration,
remove all the pockets from the process-level GCCs before Total Site Analysis. This
approach is generally well justified; however, it can also miss obvious and significant energy
efficiency gains when the pocket involves large temperature differences. For example,
Walmsley et al. [18] demonstrated the principle of assisted heat integration using pockets
to recover additional heat and generate more shaft-work.

This study investigates how different pocket cutting strategies, which represent differ-
ent internal heat exchanger networks, affect the exergy and work targets. The heat recovery
pocket cutting strategies, illustrated in Figure 2, include:

1. Full Cut: this approach identifies and removes the full pocket from further analysis.
This approach (although not referred to by this name) is commonly used in the Total
Site Heat Integration method [3].

2. Min Cut: this approach leaves as much of the pocket in the stream data as possible
for further analysis, i.e., AT, cyt = ATy 11 This approach determines the limits for
exergy and work targets providing a thermodynamic benchmark to compare against.

3. Partial Cut: this approach identifies and removes the heat surplus and deficit segments
of a pocket within a defined AT, o,y This strategy removes part of the pocket
depending on the selection of AT}, o,,+, which can be varied to understand its impact
on the work targets.
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A constraint for AT,,;, -, is that it must be greater than AT, 1;, the minimum ap-
proach temperature difference process and utility streams, i.e., ATy cur > ATpin - If
ATineut < ATyinu, it indicates that transferring process heat to an intermediate utility
and then to a process sink must be less thermodynamically efficient than direct process-
to-process heat recovery. The Full-Cut approach sets AT, o, to the maximum AT of the
largest pocket, which is identifiable on the GCC. The Partial-Cut approach is bounded by
the Full-Cut and Min-Cut approaches, representing the continuum of values in between
that could be explored further to understand the selection on heat and exergy targets.

2.4. Process Temperature Equivalent Shift

Given the pocket cutting strategy, each of the remaining GCC segments are temperature-
shifted back to an effective process temperature scale, 7, in K using a common 0.5 ATy, 1.

Thot = Tjpy + 0.5 ATy i + 27315 )

Tootd = Tloyq — 0.5 AT i 11 +273.15 4)

The rationale for the shift back is that Carnot efficiencies for heat engines and heat
pumps are based on process temperatures (as opposed to working fluid temperatures,
which would be the utility temperature scale). This shift back prepares the modified GCC
to be converted into net load curves.

2.5. Net Heat and Exergy Load Curves

Net load curves are introduced to split the stream segments of the modified GCC into
the heat sources (left of the y-axis) and heat sinks (right of the y-axis). These curves have
the same styling as Total Site Profiles [19]. The net heat load curves (NHLCs) are based on
a plot of temperature and enthalpy (or heat flow).

In previous works (e.g., [12]), an exergy GCC has been proposed and applied. How-
ever, this approach struggles to universally represent all types of problems. For problems
that are entirely above or below the dead state temperature, the method is adequate.
However, issues arise when streams cross the dead state temperature. Above ambient
temperature, heat sources are also exergy sources, while below ambient temperature, heat
sinks are exergy sources. This reversal of roles means it is difficult to draw and understand
an exergy GCC with streams on both sides of the dead state on a single figure. One solution
is the concept of net load curves that split up sources and sinks.

To determine the net exergy load curves (NXLCs), each heat load segment needs to
be translated into exergetic temperatures and exergy flows. Using the data for the heat
load segments, the supply (s) and target () exergetic temperatures, 6s and 6;, and their
temperature-based exergy change, AX, can be determined using the following equations.

9:TT0(1n(TTO> +1> )

AX = CP(6s — 6;) (6)

where 7 is the effective process stream temperature in K, 19 is the dead state temperature
in K, and CP is the heat capacity flow rate (i.e., rhcp). Note, the CP is the inverse slope of
segments on the modified GCC plot. Equation (6) determines only the temperature-based
component of exergy, which approximates the total thermomechanical exergy (temperature
and pressure) for streams with minimal pressure-based exergy, as is the case with the
present study. Given the stream data for these segments, the PTA can be applied (twice)
to the GCC stream segments and converted into exergy flows and exergetic temperatures
to obtain an exergy-based problem table and exergy load curves. This process is repeated
twice, once for all the heat surplus segments of the GCC and a second time for all the heat
deficit segments of the GCC. Although the input stream data differ, the exergy-based PTA
is explained step by step by Hamsani et al. [12]. The NXLC shows the amounts of surplus
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exergy contained in the exergy sources and deficit exergy required by the exergy sinks. In
terms of the exergy analysis in this work, a dead state of 15 °C (288.15 K) and atmospheric
pressure (101.325 kPa), which correspond to typical ambient conditions, has been used in
the exergy analysis.

For processes that cross the dead state temperature, i.e., ambient temperature, exergy
sources and sinks reverse. Above ambient temperature, hot streams are exergy sources,
while cold streams are exergy sinks. Below ambient temperature, hot streams are now
exergy sinks (e.g., refrigeration) and cold streams are exergy sources. In this study, the
x-axis of the NXLC plot divides above and below the dead state temperature. Note, the
exergetic temperatures, above or below ambient temperature, are always positive. As a
result, the y-axis, both up and down, displays positive exergetic temperatures, which is
critical for calculating exergy differences. The left side of the y-axis is all the exergy sources
while the right side of the axis is all the exergy sinks. Note, the NXLC are original to
this study.

2.6. Net Shaft-Work Calculation

This final step of the method aims to identify and calculate a net shaft-work target.
The NXLC, together with the concepts of a reversible heat engine and heat pump, provides
a basis for determining net shaft-work targets. A reversible (Carnot) heat engine operating
between temperature levels Ty and T, achieves zero entropy generation and no exergy
destruction, which means,

WhE = Wy — WL = Xy — X (7)

where Wiy is the reversible work generated from the heat engine, W is the heat flow from
Ty to Ty, and X is the exergy flow from Ty to Tr. To obtain a meaningful work value for an
actual heat engine, Equation (8) can be multiplied by a Carnot efficiency, 11 HE,

WHE act = 111,HE(XH — X1) 8)

A similar analysis of a reversible heat pump and dividing by a Carnot efficiency, 7717, 5p,
gives the following relationship for the actual work of a heat pump, Wgp 4.+

1
111,HP

WHP,uct = (XH - XL) (9)

Hamsani et al. [12] applied these two equations to generate a net shaft-work target for
a process,

1
Wnet(high) = Weomp — Whurp = ﬁXrej — 11 Xreq, where 11 = 111,Hp = N11,HE, (10)

where Weopmp is the work of compression, Wy, is the work of expansion, X,,; is the exergy
rejection target (below the Pinch), and X, is the exergy required target (above the Pinch).
The Carnot efficiency, 711, of heat engines and heat pumps often both sit around 50% [20],
justifying the equivalence of the two efficiencies in Equations (8) and (9). Targets based on
a Carnot efficiency of 50% are expected, therefore, to be achievable for practical systems;
however, other values for 7;; could be explored to understand its impact on the results in
future studies.

In this study, the pockets on the GCC are cut using a defined strategy before the exergy
analysis (another point of difference to Hamsani et al. [12]), which results in the exergy
surplus and rejection targets being the same and the exergy deficit and required targets
also being the same.

Equation (10) inherently assumes the exergy surplus (rejection) segments would
generate work through a heat engine and the exergy deficit (required) segments would
consume work using a heat pump from the specified dead state. As a result, Equation (10)
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may substantially overestimate the actual work of a well-designed system since a heat
pump supplied by exergy surplus segments would be more efficient than applying a heat
engine and then a heat pump in series.

An improved shaft-work target, representing a lower bound, would supply heat
pump devices with as much of the exergy (and heat) surpluses (S) as possible to fulfil
exergy (and heat) deficits (D), while any remaining exergy surplus segments would be
recovered through a heat engine. As a result, this study defines <y as the fraction of heat
surplus segments supplying heat pump devices (as opposed to heat engine devices). Given
different y values, net shaft-work targets can be determined using

Whet = 71— (L AXp — YL AXs) — iue(1 — )L AX

N11,HP (11)
where 0 < ¢ < min(%ﬁi);(’;, ),

where AXp is an exergy deficit segment on the NXLC and AXj is an exergy surplus segment
on the NXLC.
The Full-Cut strategy would result in only exergy deficits above the Pinch and exergy

surpluses below the Pinch, and Equation (9) is equivalent to Equation (8) when given = 0.

In contrast, setting v = min(%ﬁi)}?s’, 1) gives a lower bound net shaft-work target that
represents an ideally designed system of heat pump and heat engine devices given the

defined minimum approach temperatures, pocket cutting strategy, and Carnot efficiency.

3. Case Studies
3.1. Spray Dryer Case Study

This case study delves into the operation of a spray dryer employed in the production
of milk powder. The primary function of the dryer is to transform milk concentrate, which
is derived from evaporation lines, into a powdered state. This case study was initially

presented by Liang et al. [21]. The stream data and the process flow diagram are found in
Table 1 and Figure 3.

Feed

( _______
l ~67 °C

Exhaust

Vibrating fluidizer

Figure 3. Flow diagram of the spray drying process.
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Table 1. Stream data for the spray drying system.

Stream Name Ts (°C) Ty (°Q) AH (kW) ATcont (°C)
Exhaust 1 (above dew point) 67 40.3 1081 8
Exhaust 2 (below dew point) 40.3 15 5788 8

Vibrating Fluidised Bed 15 60 1741 8
Static Fluid Bed 1 60 86.5 781 8
Static Fluid Bed 2 86.5 114 814 8

Main Air Chamber 114 236 2695 5

In the drying process, the feed is initially atomized and exposed to the hot air from
the main air chamber at 236 °C. Moving to the bottom of the chamber, a static fluid bed
(SFB) is utilised for additional drying, using a separate air stream at 114 °C. Subsequently,
the partially dried powder exits through a series of vibrating fluidised (VF) beds, which
provide ample residence time to complete the drying process. The exhaust air streams from
the main chamber and fluid beds merge before entering the cyclone and bag filter.

3.2. Milk Evaporator Case Study

The base case design, shown in Figure 4, is a two-effect mechanical vapour recom-
pression (MVR) milk evaporator system with a milk heat treatment system derived from
Walmsley et al. [22]. The original design was modified to include a second flash vessel
immediately before milk enters the first effect to increase preheating efficiency [15].
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Figure 4. Milk evaporator process flow diagram.

The process takes 247 t/h of raw milk, which is sufficient to produce 30 t/h of milk
powder product. The raw milk is heated from 8 °C to 95 °C using heat recovery, which is
followed by Direct Steam Injection (DSI) to reach the desired temperature and to achieve
rapid heating and low residence times to maintain high product quality. After preheating,
two flash cooling steps produce low-pressure vapour that can be used for additional heat
recovery. Milk then enters the evaporator with Effect 1, which has a mean temperature
driving force of 4 °C, and Effect 2, which maintains a mean temperature driving force
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of 7 °C, with both MVRs upgrading vapour to 72 °C (saturation). The flash vessels and
evaporators produce condensate and vapour streams that have heat recovery potential.
Beyond the evaporation process, ancillary services, such as milk chilling and cleaning in
place (CIP), require on average 1155 kW of additional heating duty and 456 kW of cooling
duty. These hot and chilled water demands fluctuate with time and require heat storage to
be integrated with the evaporation system.

In this study, the milk evaporation system is considered in isolation to define a fully
electric milk evaporator system. The stream data are presented in Table 2. In the future,
it is anticipated that placing the milk evaporator system in the context of Total Site Heat
Integration may lead to additional performance gains [19].

Table 2. Stream data for the milk evaporator system.

Stream Name Ts (°Q) Tt °O) AH (kW) ATcont (°C)
Chiller Water 8.0 4.0 456.0 0.5
CIP Water 15.0 84.0 630.0 25
Cow Heat 72.1 13.0 38.9 2.5
Direct Use 15.0 55.0 525.0 25
E1 Vapour Bleed 72.0 71.95 3920.5 0.5
E2 Condenser 72.0 71.95 364.1 0.5
HT Flash 87 86.95 2060.8 0.5
HT Flash 2 79.3 79.25 1988.8 0.5
Milk Concentrate 65.3 70.0 259.9 2.5
Preheat COW 1 72.0 13.0 10,697.8 25
Preheat COW 2 86.9 13.0 279.8 25
Preheat COW 3 72.0 13.0 412.1 25
Preheat COW 4 71.9 13.0 704.4 25
Preheat COW 5 79.2 13.0 240.3 25
Raw Milk 8.0 95.0 22,834.8 25

4. Results

The results comprise the analysis of two case studies: a milk spray dryer and a milk
evaporator plant. The milk spray dryer case, with a simpler GCC, does not contain heat
recovery pockets. As a result, it also serves as a good illustration of the basic method.
The milk evaporator case study is more complicated due to the presence of heat recovery
pockets on the GCC and that it includes streams on both sides of the dead state conditions.
These case studies demonstrate how the method can be applied to a wide range of processes
and sites.

4.1. Spray Dryer Analysis and Results

In the spray dryer case study, the exhaust air contains a large amount of excess heat
that could be optionally cooled to ambient temperature and utilised for heat recovery and
as a heat source for the heat pump. As shown in Figure 5, the GCC has no pockets, and
indicates a hot utility target of 4.98 MW and a cold utility target of 3.99 MW.

In this case, the absence of heat pockets leads to NHLC (Figure 6A) without overlap,
and the curves are equivalent to each of the regions of the GCC. This indicates that there is
no further potential for heat recovery. Additionally, since the entire GCC is above the dead
state temperature, the NHLC and NXLC (Figure 6B) appear similar in shape. However,
the relative magnitudes of sources to sinks differ substantially. The sources close to the
dead state contain minimal exergy, resulting in a change in proportions. Despite the lower
temperature and therefore lower exergy content of the excess heat available, utilising this
heat as a heat source for the heat pump system can still improve its performance and reduce
the necessary work shaft for the electrification of the process.
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Figure 5. Composite curve, CC, (A) and grand composite curve, GCC, (B) for the milk powder spray
dryer system. Note: T* refers to shifted or intermediate temperature scale.
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Figure 6. Net heat load curve (A) and net exergy load curve (B) for the milk powder spray dryer
system.

Assuming an exergetic efficiency of 50%, the resulting work targets vary from 2.42 MW
(y = 1) to 2.65 MW (¢ = 0) using Equation (11). The v = 0 case assumes that the excess
heat below the Pinch temperature is fully expanded to the dead state and the heat demand
above the Pinch is supplied by a heat pump utilizing the dead state as a source. On the
other hand, the v = 1 case sets a lower bound that assumes that exergy is utilised, avoiding
exergy destruction associated with expansion and compression to and from the dead state.

4.2. Evaporator Analysis

The evaporator system is significantly different from the spray dryer. As shown in
Figure 7, this system contains three heat recovery pockets, where one is considerably larger
than the other two. As a result, this subsection explores various strategies for cutting the
heat recovery pockets and their impact on the utility demand.

4.2.1. The Full and Minimum Pocket Cutting Strategies

This paper introduces the concept of a AT, .+ as part of the energy and exergy
analysis. The “Full-Cut” pocket strategy assumes all pockets are used for internal process
heat recovery (Figure 8). While this may save energy, there is a thermodynamic penalty that
results in exergy destruction during the heat recovery process, especially in cases where
the AT > AT,,;, [12]. Figure 8A shows that the NHLCs do not overlap, indicating that
the maximum heat recovery has been reached. The Pinch range is found between 5.5 and
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10.5 °C, with most heating for the evaporator required between 90 and 100 °C. In this case,
the Exergy Pinch in Figure 8B sits in the same corresponding exergetic temperature band.
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Figure 7. Composite curves (A) and GCC (B) for the milk evaporator system, where red segments
identify hot streams and/or heat surpluses and blue segments identify cold streams and/or heat
deficits. Note: T* refers to shifted or intermediate temperature scale.
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Figure 8. GCC (A), net heat load curve (B), and net exergy load curve (C) for the milk evaporator
system based on the Full-Cut pocket strategy. Note: T* refers to shifted or intermediate temperature
scale. Note: T* refers to shifted or intermediate temperature scale.

At the other extreme, the “Min-Cut” strategy (Figure 9) leaves as much of the pocket
in the energy and exergy analysis as possible that may find benefit through indirect heat
recovery or heat pumping schemes. In this study, AT,,;, ;1 =5 °C, and this second shift
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accounts for the general need to transfer heat to and from an intermediate fluid, e.g., a
heat pump refrigerant. This value also defines the lower limit of AT,,;;, ., i-e., 5 °C, as
ATyin cur is equal to or greater than AT,,;, ;. In Figure 9A, the effect of ATy, )t is visible
as the vertical black lines in the 60-90 °C temperature range where three ends of pockets
have been cut. In this case, there is a significant overlap on the temperatures of the NHLC,
indicating potential for heat recovery. In Figure 9B, the temperatures of each segment are
shifted and then converted to exergetic temperatures and exergy flow.
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Figure 9. GCC (A), net heat load curve (B), and net exergy load curve (C) for the milk evaporator
system based on the Min-Cut pocket strategy (5 °C cut). Note: T* refers to shifted or intermediate
temperature scale.

Pockets with a small amount of potential exergy destruction (X,4) have limited op-
portunity to improve thermodynamic efficiency beyond internal heat recovery. Pockets
with a large amount of exergy destruction can present additional opportunities to improve
thermodynamic efficiency while also electrifying the process with electric technologies
such as heat pumps. If the large bottom pocket is assumed to be recovered through heat
exchange (Full Cut), the associated exergy destruction would reach 200 kWy. The total
impact of cutting versus minimally cutting the pockets is evident also in comparing the
exergy targets as net values (deficits minus surpluses). Compared to the Full-Cut strategy,
the Min-Cut strategy achieves a lower exergy deficit requirement above the Pinch and
a lower surplus target below the Pinch in this case. This leads to, assuming an exergy
efficiency of 50%, minimum shaft-work targets of 1.21 MW and 0.54 MW for the Full-Cut
and Min-Cut strategies, respectively.

4.2.2. Partial-Cut Pocket Strategy

In between the extremes of the Full-Cut and Min-Cut strategies is the Partial-Cut
strategy. Higher AT, .+ values result in more of the pocket being removed and an
inherent acceptance of more exergy destruction within the internal heat recovery network.
As one further example, Figure 10 presents the results for the cutting pocket with a AT, ¢
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of 20 °C. The exergy deficit is the same as the Min-Cut strategy, while the exergy surplus
decreases from 0.168 MW (Min Cut) to 0.141 MW, where the gap of 0.027 MW is lost to
exergy destruction during additional internal process heat recovery.
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Figure 10. GCC (A), net heat load curve (B), and net exergy load curve (C) for the milk evaporator
system based on the Partial-Cut pocket strategy (20 °C cut). Note: T* refers to shifted or intermediate
temperature scale.

4.2.3. Analysis of the Pocket-Cutting Strategy on Net Shaft-Work Targets

As mentioned, the variable AT,,;;, .+ has specific lower and upper limits, representing
the Min-Cut and Full-Cut approaches, respectively. This study has calculated targets
within these limits to better understand the observed trends. Figure 11 shows the impact of
ATyin cur on the net shaft-work targets (i.e., red and blue lines). These targets are determined
using Equation (9). For this case, the amount of exergy surpluses is negligible under the
Min-Cut strategy, which results in the convergence of the two sets of work targets.

The label “simple design” in Figure 11 corresponds to a heat pump placement across
the pinch temperature and would be in accordance with conventional pinch analysis
strategies. First, the pockets are cut via heat integration, and the remaining heat utility is
supplied by a single, high-temperature lift heat pump operating from ambient temperature
to 105 °C. Due to the high-temperature lift, the resulting COP falls to 2.1.

The label “efficient design” corresponds to the design developed by Lincoln et al. [15].
The “efficient design” involved the placement of heat pumps around both Pinch regions
to generate a practical process design that approaches the minimum work consumption
(Figure 11). By leveraging smaller temperature lifts, the “efficient design” was able to raise
the combined COP of the system to 3.17.

The practicality of a design is determined by many factors that are specific to a process
but could include spatial layout, scheduling, and operability. Increasing the practicality
generally acts to counter efficiency and therefore moves away from the minimum work
target. For example, in the “efficient design”, streams of different temperature levels
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ranging between 68 and 74 °C were combined, which increased the amount of exergy
destruction in the system but reduced the number of heat exchangers required.
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Figure 11. Net shaft-work targets for a range of AT,,;, .+ values, including both simple and ef-
ficient design points. The simple design and efficient design points are taken from the work of
Lincoln et al. [15].

5. Interpretation and Implications of the Exergy Analysis on Design Decisions

It is important to recognise the value added by exergy PA, and particularly the lower
bound work target, to conventional heat PA. The lower bound shaft-work target establishes
a thermodynamic benchmark to compare the quality of a system’s performance.

The net heat load curves and net exergy load curves are useful representations of the
actual heat and exergy available as heat sources for heat pump integration. The inclusion
of the heat pockets of the GCC with this method reduces the minimum exergy target,
which highlights the importance of avoiding exergy destruction, which can sometimes be
substantial for internal process (i.e., direct) heat recovery in the heat pockets. Integrating
heat pumps in these heat pockets may appear counter to the conventional rules of Pinch
Analysis because it increases the apparent heating and cooling utility targets. However, as
shown, the net shaft-work requirement based on a practical level of exergy efficiency (50%)
can decrease. To achieve the lower work target, multiple heat pumps need to be integrated
into the processes.

The relationship between direct heat recovery on the heat pockets and the use of these
pockets for heat pump integration can also be considered. Where pockets are cut out of
the GCC (and therefore not present in the exergy analysis), the inherent assumption is that
the heat source/sink segments will be matched as conventional process heat. If a pocket
(or any portion of it) is left in the analysis, the exergy analysis assumes that a heat pump
and/or heat engine could utilise its thermodynamic potential. By investigating different
strategies for cutting the heat pockets, the trade-off between the solution with higher exergy
efficiency (smaller AT,,;, -, value) and the solution with simpler system design (larger
ATyin cur value) can be explored. The decision variable AT,,;;, -, encapsulates the general
trade-off between capital and energy, i.e., simple inefficient design vs. complex efficient
design. An efficient system design will consider the complexity of the system and the
necessary investment, as well as the energy efficiency, resulting in a partial cut of the
pocket.

Lastly, the presented method also highlights the importance of utilising excess heat as
a heat source for the heat pumps rather than using a direct expansion device when setting
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exergy targets, as shown by the difference in the results with different gamma factors. The
results show that the use of the available exergy as a heat source for heat pumping should
be prioritised, as it avoids the additional exergy destruction of the expansion.

The use of the gamma factor avoids the application of the exergy efficiency factor for
streams that are used as a heat source and are not expanded to the dead state temperature
for minimum work targeting. However, when the available excess heat is found above
the dead state temperature and is utilised by a heat pump, the exergy efficiency factor
considered with this method does not represent the actual efficiency of the heat pump,
since it is dependent on the dead state temperature. The use of a Carnot or Lorenz efficiency
factor, which considers the source temperature instead of the dead state temperature, may
be better fitted to represent the work targets for heat pump integration [23].

Net load curves underline the heat pockets’ significance in establishing exergy targets
and demonstrate the benefits of an efficient pocket-cut strategy when integrating multiple
heat pumps. However, further investigation into optimally combining sink and source
streams is necessary for an efficient system design.

6. Conclusions

This study focussed on refining the application of Exergy Pinch Analysis for targeting
the efficient conversion of industrial process heating to renewable electricity through the
utilisation of heat recovery pockets.

The investigations performed during the study led to the proposal of two concepts as
additions to Exergy Pinch Analysis:

e Animproved work targeting equation (Equation (11)), which includes a new gamma
factor, that enables determination of a practical minimum work target. Gamma
indicates the proportion of available surplus heat utilised by heat pumps while the
remainder is expanded to the dead state. Future work can look further into the role of
gamma and how its selection is best made for additional case studies where heat sinks
are the limiting factor.

e  The heat and exergy grand composite curves and the net energy and exergy load
curves are used to visualise available energy and exergy within heat pockets, giving
different perspectives and aiding targeted energy optimisation. Different pocket-
cutting strategies can be investigated as a result. Such strategies significantly impact
heat and exergy targets, showcasing various implications on system design.

These methods were applied to two case studies: a milk powder spray dryer system
and a milk evaporator. In the case of the milk evaporator case study, it was shown
that the lower boundary of the net shaft-work target escalates proportionally with the
removal of more heat recovery pockets. The difference between the minimum work target
(i.e., maximum utilisation of heat recovery pockets) and maximum work target (i.e., no
utilisation of heat recovery pockets) is 400 kW, corresponding to 25.7%. Additionally, the
case study illustrated scenarios where the heat and exergy analyses’ Pinch points were
manifested in distinct temperature ranges. The optimal solution implied placing heat
pumps around both Pinch regions, defying the conventional rules of Pinch Analysis.
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Abbreviations

Symbol  Description

CcC Composite Curve

CIP Cleaning in Place

cor Coefficient of Performance

CcpP Heat Capacity

DSI Direst Steam Injection

EPTA Exergy Problem Table Algorithm
GCC Grand Composite Curve

MVR Mechanical Vapour Recompression

NHLC Net Heat Load Curve
NXLC Net Exergy Load Curve

PA Pinch Analysis

PI&E Process Integration and Electrification

PTA Problem Table Algorithm

SFB Static Fluidised Bed

T* Shifted Temperatures

VFB Vibrating Fluidised Bed

144 Work

0% Fraction of heat surplus segments supplying heat pump deficits
AT cont Contribution to the approach temperature (°C)

AT uin Minimum approach temperature

AT,incut  Delta T to achieve a minimum pocket cut
ATy Minimum utility approach temperature

AX Change in exergy
N Carnot efficiency
6 Exegetic temperature
T Effective process temperature
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Abstract: The electricity consumption of the textile industry accounts for 2.12% of the total electricity
consumption in society, making it one of the high-energy-consuming industries in China. The textile
industry requires the use of a large amount of industrial steam at various temperatures during
production processes, making its dispatch and operation more complex compared to conventional
electricity—heat integrated energy systems. As an important demand-side management platform
connecting the grid with distributed resources, a virtual power plant can aggregate textile industry
users through an operator, regulating their energy consumption behavior and enhancing demand-side
management efficiency. To effectively address the challenges in load regulation for textile industry
users, this paper proposes a coordinated optimization dispatching method for electricity—steam
virtual-based power plants focused on textile industrial parks. On one hand, targeting the impact
of different energy prices on the energy usage behavior of textile industry users, an optimization
dispatching model is established where the upper level consists of virtual power plant operators
setting energy prices, and the lower level involves multiple textile industry users adjusting their
purchase and sale strategies and changing their own energy usage behaviors accordingly. On the
other hand, taking into account the energy consumption characteristics of steam, it is possible to
optimize the production and storage behaviors of textile industry users during off-peak electricity
periods in the power market. Through this electricity—steam optimization dispatching model, the
virtual power plant operator’s revenue is maximized while the operating costs for textile industry
users are minimized. Case study analyses demonstrate that this strategy can effectively enhance the
overall economic benefits of the virtual power plant.

Keywords: energy price; textile industry; virtual power plant; optimal dispatching; integrated
energy system

1. Introduction

The textile industry, as a traditional pillar industry, has economic clusters whose
scale approaches nearly 50% of the entire sector [1]. There is significant potential for
energy conservation and consumption reduction within the textile industry [2]. Despite
continuous enrichment of supply-side resources, the growing integration of distributed
energy resources introduces output characteristics like randomness, intermittency, and
fluctuations, which intensify challenges in regulating loads and allocating resources for
textile industry users [3]. In this context, a virtual power plant (VPP) employs advanced
information, communication, and control technologies to aggregate and optimize the
management of distributed resources [4]. Acting as intermediaries between large-scale
power systems and diverse distributed energy sources, a VPP is tailored to textile industrial
parks to optimize energy dispatching by coordinating the energy consumption patterns
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of textile industry users. Furthermore, internally aggregated textile industry users and a
virtual power plant operator (VPPO) engage in electricity markets through competitive
bidding [5]. VPPO can additionally direct users to engage in demand response through
strategic energy procurement and sales policies, fully capitalizing on the textile industry’s
diverse energy complementarity. This approach is critical for guiding industrial users
towards efficient energy consumption and maximizing the overall benefits of a VPP.

A VPP aggregates generating units, renewable energy sources, energy storage systems,
and various flexible loads, optimizing specific objective functions through coordinated con-
trol mechanisms [6]. To achieve supply—demand balance, many scholars have conducted
research on the optimal dispatching problem of VPP. Reference [7] introduces a multi-
objective economic optimization dispatching model for VPPs, which balances the interests
of power suppliers and cooling /heating providers, enhances environmental performance,
and ensures economically sustainable operations. Reference [8] develops a comprehensive
energy optimization dispatching model for VPP considering electric-thermal conversion,
minimizing integrated operational costs across multiple electricity markets. Reference [9]
proposes a multi-agent internal optimization dispatching decision model for VPP consid-
ering risk preferences. It establishes a profit allocation model based on Nash-Harsanyi
bargaining solutions, quantifying the actual contributions of distributed energy resources
to VPP profits and enhancing member participation in markets. Reference [10] presents a
method for solving the control boundary of industrial park-type VPP by considering power
network constraints, achieving precise boundary solutions for VPP control in industrial
parks. Reference [11] aggregates flexible electric-thermal loads in industrial production pro-
cesses into a multi-energy VPP. It adjusts equipment operation states using measurement
and control methods to provide frequency conversion services, meeting ancillary service
market demands. Reference [12] proposes a two-stage robust resilience enhancement strat-
egy considering thermal inertia for combined heat and power VPP, effectively improving
their capability to withstand extreme disasters. Reference [13] establishes an assessment
method for the aggregated response capability of VPP distributed resources. It optimizes
and quantifies multi-dimensional indicators of aggregated resources and analyzes indicator
weights to obtain an overall response capability score for the VPP. Reference [14] introduces
an optimized dispatching strategy for a multi-energy complementary VPP by considering
renewable energy integration. It constructs an operational mechanism and optimization
dispatching model covering generation, grid, load, and storage, significantly enhancing
renewable energy utilization and enabling low-carbon economic operations of VPP.

Currently, there are existing studies on the interaction behaviors between VPPO and
users. Reference [15] constructs a Stackelberg game model involving VPPO, energy suppli-
ers, and users, aimed at optimizing VPPO pricing strategies, energy supply-side dispatch
plans, and user demand response. Reference [16] proposes a Stackelberg game pricing
model between VPPO and electric vehicle (EV) users, aiming for mutual benefits and
optimizing operational revenue. Reference [17] develops a tripartite electricity pricing
game involving distributed energy resources, VPPO, and users to achieve Nash equilib-
rium in revenue for all parties. Reference [18] introduces a Stackelberg game model where
VPPO engage in coordinated charging management of electric vehicles, using reasonable
electricity pricing to guide orderly charging and coordinate various distributed resources
in the electricity market. Reference [19] investigates strategies for VPPO managing control-
lable loads of industrial users, exploring methods to reduce interaction costs and optimize
overall VPP performance. Reference [20] integrates carbon trading with demand response
strategies to develop a Stackelberg game model between operators and users, leveraging
demand-side resources for emission reduction and response capabilities. Reference [21]
constructs a multi-energy dynamic pricing model for operators by setting price ranges,
maximizing their own revenue while ensuring maximal benefits for users. Reference [22]
proposes a bi-level optimization model for a VPP including electric vehicles, balancing the
interests of VPPO and EV users in a principal-agent game framework.
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The abovementioned studies primarily focus on the optimal dispatching strategy of
specific electric-thermal integrated systems from a macro level regardless of its industrial
characteristics. Each industry has its own production process with different coupling forms
of multiple energy flows [23,24]. Considering this research gap, this paper takes the textile
industry, which is listed as one of top six high-density industries, as an example. As the
textile industry is usually developing in clusters, we introduce a textile-based VPPO to
dominate multiple textile users in the industrial park. The main contributions of this paper
are summarized as:

1. This paper first establishes a bi-level dispatching strategy for VPP targeting textile in-
dustrial parks to specially address the coupling characteristics of electricity and steam.

2. Considering the impact on the user behavior brought by the energy prices, this strategy
is modeled as where VPPO aims to maximize its own revenue in the upper level, while
multiple textile industry users aim to minimize total operational costs in the lower
level, finally resulting in an economic increase of the overall system.

3. Considering that the textile industry users utilize electrically-driven industrial steam
boilers under decarbonization, the storage-like characteristics of the steam accumulator
(SA) is specially addressed.

2. Bi-Level Dispatching Framework for VPP

As shown in Figure 1, the overall framework of the VPP includes the VPPO and the
textile industry user system.
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Figure 1. The overall structure of the VPP.

The VPPO structure consists of heat pumps, battery storage systems, combined heat
and power units (CHP), electrode industrial steam boilers, and steam accumulators. VPPO
has certain power and thermal capabilities, and can also provide a unified steam supply to
textile industry users using electrode boilers and steam accumulators. When VPPO supply
is insufficient, distributed supply is provided by textile industry users. These users have
demand for electricity, heat, gas, and steam. When the industrial user’s own system can
meet both electricity and heating demands, and the external gas station can fulfill their
natural gas needs, there is no requirement for interaction with the VPPO. Only when the
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user’s own system fails to satisfy their energy demands do they engage with the VPPO to
balance energy supply and demand.

In this framework, textile industry users initially prefer to use their own distributed
photovoltaic (PV) systems to meet their electricity demands. When PV generation and
discharge from their own energy storage systems cannot meet the users’ electricity needs,
users can engage in electricity transactions with VPPO to balance energy supply and
demand. When there is surplus PV generation, users can store the excess electricity in their
own energy storage systems and choose to sell the surplus electricity to VPPO.

Based on the conventional electricity purchasing strategies between VPPO and users,
this study further explores the purchasing strategies for thermal energy and steam. Indus-
trial users can purchase natural gas either from external gas stations or through interactions
with the VPPO. Additionally, users can sell excess natural gas when there is an oversupply
in the market. Users purchase natural gas to produce thermal energy using gas boilers,
and engage in thermal energy transactions with VPPO. Users can sell surplus thermal
energy when there is excess supply, or purchase additional thermal energy when demand
increases. Additionally, users sell high-temperature steam through electrode industrial
steam boilers and SA, while simultaneously purchasing high-temperature steam that enters
the outlet of the electrode industrial steam boiler. Steam transacted between VPPO and
textile industry users is consistently high-temperature steam. The energy purchase and
sale prices, as well as the energy trading strategies between the VPPO and industrial users,
are based on real-time interactions, with dynamic adjustments made on an hourly basis.

3. The Bi-Level Optimal Dispatching Model for VPPO and Users
3.1. The VPPO-Level Optimal Dispatching Model
3.1.1. VPPO-Level Objective Function

The VPPO, as the upper-level leader, specifies various energy prices for electricity,
heat, and steam purchases and sales in each time period, guiding the textile industry users
in their strategies for purchasing and selling multiple energy sources of electricity, heat, and
steam, with the maximization of total revenue as the objective function. The VPPO'’s total
revenue includes revenue from the purchase and sale of multiple energy sources between
the VPPO and users, revenue from transactions between the VPPO and the external grid,
and the VPPO's gas purchase costs, as Equation (1) shows:

T
id
max Fyppo = Y (Fe + Fot + For + Fop - — Cyp ) €y
t=1

In Equation (1), Fyppo represents the total revenue of the VPPO, Fet, Ry, Fst, Feg?d and
CngO, respectively, represent the revenue from VPPO’s purchase and sale of electricity,
heat, and steam with users, revenue from transactions between VPPO and the external

grid, and VPPO’s gas purchase costs, in yuan.

For = (AgiPel — AgiPai ) At @
Fre = (ARYPY — AR Phg ) Ot ®)
For = (AZQ3 — ASFQR) At )
id bg b
FEC = (AEPE — A EP%)At ©)
C;/};PO _ )‘gathVPPO (6)

In Equations (2)—(6), /\Ig}t‘, Aztlt, /\'ﬁ}; and /\il,lt' respectively, represent the electricity and
g

heat prices for VPPO’s purchase and sale with users at time ¢, yuan/kWh; /\Zt and Azgt
are the electricity grid prices for VPPO's purchase and sale at time t, yuan/kWh. AE,‘; and
A3 are the prices of steam purchased and sold by VPPO to users at time ¢, yuan/kJ; pbu

7 e,t/
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su pbu su
Pe,t, Ph,t and Ph,t’

sold by VPPO to users at time t, kW; le’,‘j and Qg are steam power purchased and sold by

VPPO to users at time ¢, k] /h; P: $ and Pes,% are electricity grid power purchased and sold by

VPPO at time, (kW); 182 and V,YPPO are the price of natural gas at time t(yuan/m?) and

respectively, represent the electricity and thermal power purchased and

amount of gas purchased (m3).

The electricity, thermal power, and steam energy purchased and sold to users by VPPO

can be represented as:
su ub
Pe,t - Z Pe,i,t
i€B

)
P = ¥ P,
1€
psu — ): pub
ht = . h,it
i€eB (8)
Pbu _ Z pus
ht — h,it
i€S
su __ ub pub _ ub
st T GZB Ms,i,ths,i,t - GZB Qs,i,t
i i
bu __ us jus __ us (9)
Q Y M h )y
st . st st s,i,t
i€S i€S

In Equations (7)—(9), i € B represents the set of users purchasing electricity, heat, and
steam; i € S represents the sold of users purchasing electricity, heat, and steam; P, Pu$

eit’ “eit!
Ptlll,]z?,t and P, respectively, represent the electricity and heat power purchased and sold by

user i to VPPO at time £, kKW; MU jub pfus

s,i,t’ s, t’ T s it
flow rate and steam enthalpy purchased and sold by user i to VPPO at time £. Q'%, and
lel,lz:’),t’ respectively, represent the steam power purchased and sold by user i to VPPO at
time t, k] /h.

and hg%; , respectively, represent the steam

3.1.2. Energy Price Constraint

The energy price constraints for VPPO's sale of electricity, heat, and steam to textile
industry users are shown in Equations (10)—(12). To prevent sustained high prices for the
multi-energy sold by VPPO, average price constraints are set for VPPO'’s sale prices of
electricity, heat, and steam, respectively [25].

i b S8
A < AJF <Ay

b bg
/\e,l; < AZ}; < )\e,t (10)

T
tzl /\Z‘} < 24/\31,3ve
min bu max
Ah < /\h,t < Ah
min su max
Ah < /\h,t < Ah

T

su su
tgl A h,t S 24 h,ave

i b
AR < 2B < A
/\glll’l S Az}; S )\;nax

(11)

(12)

L A% <2008,
t=1

The minimum price at which VPPO purchases electricity from textile industry users
is A" while the grid selling price serves as the maximum price at which VPPO sells
electricity to textile industry users; the upper and lower limits of VPPO’s buying and
selling prices for thermal energy and steam to textile industry users are A", \Inin | ymax
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and A;nin,- and the average prices at which VPPO sells electricity, heat, and steam are Ag} e,
ASY and ASY
h,ave’ s,ave*

3.1.3. VPPO’s Constraints on Multi-Energy Transaction Volumes with Users

In Equations (13)-(15), Pegjiféx represents the maximum electricity volume at which
VPPO can transact with the grid in each time period; PYFTO represents the maximum heat

h,max
volume VPPO can transact with users in each time period; QX&I;Q

steam volume VPPO can transact with users in each time period.

represents the maximum

0< p:,ltl < Pgrld

e,max
m (13)
0< Pg}l < Pgrld

€,max

h,max
i’ 14
0< P}}:l)ltl < PVPPO ( )

h,max

VPPO
{ 0< P4 <h

0< Qbu < QIPO (15)

s,t

1P
0 < Q%% < Qfx
s,max

3.1.4. VPPO-Level Power Balance Constraint

The upper-level model centers around the VPPO, with electrical energy inputs in-
cluding purchases from the public grid, electricity generation from CHP, discharges from
electric energy storage, and purchases from textile industry users. Electrical energy outputs
consist of electricity sales to the grid, electricity consumption by heat pumps, electricity
consumption by electrode industrial steam boilers, charging of electric energy storage,
and electricity sales to textile industry users. VPPO’s thermal energy inputs include heat
production from heat pumps, heat production from cogeneration units, heat release from
thermal energy storage, and purchases of heat from textile industry users. Thermal energy
outputs include charging of thermal energy storage and thermal energy sales to textile
industry users. VPPO'’s steam energy inputs comprise steam production from electrode
industrial steam boilers, steam release from SA, and steam purchases from textile industry
users. Steam energy outputs include steam charging into SA and steam sales to textile
industry users. The power balance is shown in Equations (16)—(18):

bg CHP VPPOdi bu _ pHP ESB_VPPO VPPOch 58
Pe,t+Pe,t +Pe,t IS+P6,?_PGJ +Pe,t +Pe,t ca+ g,ltl—'_Pe,t (16)
HP CHP VPPOdis bu __ pVPPOcha su
Py + Py + Py + P = Py + P (17)
QESB’VPPO + le),ltl + M}/PPOSAdiShVPPOSAdis Af = S}; + MtVPPOSAcha hVPPOSACha Af (18)

3.2. User-Level Optimal Dispatching Model
3.2.1. User-Level Objective Function

The user-level optimization and dispatching model minimizes the daily operational
costs of textile industry users as its objective function.

N
minCy = ) Cej+ Chji+ Csi + Cyi (19)
i—1
L b b
Cei = ) (A Pas — AeiPes) (20)
=1
L b b
Chi=)_( hePhit — AMntPhit) (21)
=1
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T

Coi = ), (ATIQUR, — ASYQLS,)

t=1

T
u asy7GB
Cg,i - Z)\g Vi,t
t=1

(22)

(23)

In Equations (19)-(23): C, represents the total cost of textile industry users; Ce ;, Cp, ;,
Cs,i and Cgir respectively, represent the costs in yuan for textile industry user i to purchase

or sell VPPO electricity, heat, steam, and natural gas.

3.2.2. Constraints on Purchasing and Selling Electricity, Heat, and Steam Power

Textile industry users cannot be in a buying and selling state simultaneously. There
are maximum transaction volume constraints for buying and selling electricity, heat, and

steam.

0 S P;Z,t S we,i,tpe,max (24)
0< P;i,t < (1 - we,i,t)Pe,max
0 <P, < whitPy

flll,lz),t A, ,max (25)
0< Ph,i,t < (1 - wh,i,t)Ph,max
0 < Q}c,:,}zs),t < ws,i,th,max (26)
0 S Qs,i,t S (1 - ws,i,t)Qs,max

In Equations (24)—(26): we i, Wh i, Ws; are binary variables ranging from 0 to 1,
representing the buying and selling statuses of textile industry user i for electricity, heat,
and steam during time period t. When we ; ; = 1, the user sells electricity. Otherwise, the
user buys electricity. When wy, ;; = 1, the user sells heat. Otherwise, the user buys heat.
When wy ; ; = 1, the user sells steam. Otherwise, the user buys steam. The maximum values
for buying and selling electricity, heat, and steam between VPPO and users are Pe max for
electricity, Py, max for heat, and Qs max for steam.

Considering the presence of nonlinear terms in Equations (23) and (24), a linearization

of these equations is performed.
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In Equations (27)—-(29): M is a sufficiently large number, and x, y, «, B, J, € are continu-
ous variables.

3.2.3. User-Level Power Balance Constraint

The lower-level model primarily consists of textile industry users. Electrical energy
input includes distributed photovoltaic generation P}?V, energy storage discharge, and
purchasing from VPPO. Electrical energy output includes selling electricity to VPPO, base
electrical load Pg?lste, energy storage charging, electric boiler consumption for industrial
steam, condenser consumption, and electricity demands of various production processes.
Thermal energy input for textile industry users includes purchasing heat from VPPO,
heating supplied by gas boilers, and heat release from thermal energy storage. Thermal
energy output includes selling heat to VPPO, base thermal load Pﬁf‘ie, thermal energy
storage charging, and thermal requirements of various production processes. Steam energy
input for textile industry users includes steam output provided by condensers to various
processes, steam output directly supplied to ironing processes by electric industrial steam
boilers, and steam energy release provided to various processes by SA. Steam energy
output corresponds to steam requirements of various production processes.
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In Equations (27)~(29): D¢-'¢!, D&%

duction processes for user i per unit time; DS, DS

, D& represent the electricity demand of pro-

d2 i .
“P% and DE-"?, respectively, represent

the heat demand of production processes for user i per unit time; D$-*!, D}~ P92 and D",
respectively, represent the steam demand of production processes for user i per unit time.

3.3. Solution Process

Based on the EMP algorithm package, utilizing the BARON solver within the GAMS
environment, the Bi-level model described above is solved. The solving process of the
textile-based virtual power plant constructed in this chapter to participate in the optimal
dispatching strategy of grid-load interaction driven by energy price is shown in Figure 2.
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Figure 2. Solving process.

Initially, input the electric, heat, and steam purchase and sale prices provided by
VPPO to textile industry users. These initial energy prices enter the lower-level model with
the objective of minimizing total operational costs for textile industry users. The model
optimizes the actual purchase and sale strategies of electric, heat, and steam from VPPO,
along with user gas purchase strategies and production plans. The optimized strategies
for electric, heat, and steam purchases from VPPO are then transmitted to the upper-level
model. The upper-level model aims to maximize VPPO revenue by optimizing the energy
conversion equipment and dispatching plans. It updates the purchase and sale prices of
electric, heat, and steam provided to textile industry users and feeds this information back
to the lower-level model as model parameters. This iterative process continues to search
for the optimal solution, ultimately determining the purchase and sale strategies of electric,
heat, and steam that maximize VPPO revenue while minimizing user costs.

4. Constraints on the Operation of Various Types of Equipment
4.1. Modeling of Multi-Energy Coupling Devices by VPPO
4.1.1. Electrode Industrial Steam Boilers

The electrical-steam energy conversion constraints of electrode industrial steam boilers
and the constraints on the high-temperature steam flow output from electrode industrial
steam boilers are as follows [26].

£°% = 36007"P PFSP AL (33)

FSB _ MFSBhESBAt (34)

In Equations (30) and (31), The electrical-steam energy conversion constraints of
electrode industrial steam boilers include the output steam energy QFS?, input electrical
power PFSB and thermal efficiency 758; MFSP represents the steam flow output from the
electrode industrial steam boiler at time t; hFSB represents the enthalpy value of the steam
output from the electrode industrial steam boiler.
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4.1.2. Steam Accumulator

VPPO and users can only buy and sell high-temperature steam, and the steam released
by the SA is also high-temperature steam.

VPPOSAch VPPOcha p s VPPOSAch:
0<M ca<w CaMmax cha

VPPOSAdi VPPOd VPPOSAdi
0< M is < w) lstax is

VPPOCha VPPOdls c {0 1}

SVPPOSA < SVPPOSA < SYPPOSA (35)
min

GVPPOSA _ gVPPOSA
1 - vt

SYPPOSA — SY_P%)OSA 4 M?/'PPOSAcha hVPPOSAcha At — M?/PPOSAdishVPPOSAdis At

In Equation (32), wyPPOha and Y PPOdis are both binary variables ranging from 0 to
1. When w)PPOcha — 1 SA injects steam; otherwise, it does not inject steam. When
w)PPOdis = 1, SA releases steam; otherwise, it does not release steam. MyYFPOSAcha
MVEPOSAdls are maximum steam flow rates for SA’s steam charging and discharging;
At time t, the remaining capacity SYTTO5A is constrained by Syrr OSA and SYLPOSA The
remaining capacity of SVPPOSA at the initial time is equal to the remaining capacity of
SYPPOSA at the end of the optimization period; MyFPOSAcha \VPPOSAdis respectively, rep-
resent the steam inflow and outflow rates of electrode industrial steam boiler SA at time
t; WWPPOSAcha [, VPPOSAdis respectively, represent the enthalpy values of high-temperature
steam intake and discharge for SA. Constraints on energy storage and thermal storage
equipment are described here, while constraints on heat pump units and combined heat
and power units are not discussed in detail.

4.2. Multi-Energy Coupling Equipment Model for Textile Industry Users
4.2.1. Electrode Industrial Steam Boiler for Users
Part of the steam sold by users is provided by electrode industrial steam boilers,

and all steam purchased by users enters the outlet of electrode industrial steam boilers.
Therefore, the modeling of electrode industrial steam boilers for textile industry users is as

follows.
QESB 360017ESB PlEtSB At (36)
QESB MFtSBhESB At (37)
QESB n Qszt _ QCONcha i QSAcha i Z Q;EIS?,iré‘ + QESB*VPPO (38)
I=1
QSAcha _ Mg;\chahSAcha At (39)
QCONcha _ MiCtONcha j,CONcha p 4 (40)
QFIS? ir3 MFIS? ir3 ESB_ir3 A 4 (41)
QESB%VPPO MESBHVPPOhESB%VPPO At (42)
0< PESB < PzEri}zx (43)
0< MESB < Mfrsnlix (44)

In Equations (33)—(41), At time ¢, the steam output energy of electrode industrial
steam boilers QE?B depends on the electrical power input PftSB ; ME?B represents the steam
flow rate outputted by user i’s electrode industrial steam boiler at time f; The steam
energy purchased at the outlet of electrode industrial steam boilers by user 7 is Q;‘,}l?,t, which
represents the steam energy purchased by user i; The steam energy sold by electrode
industrial steam boilers QEtSBﬁVPPO depends on the steam flow rate ME?BHVPPO. Since the
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outlet high-temperature steam temperature of electrode industrial steam boilers is constant,
hESB=VPPO remains constant; QEtONCha, MEtONCha, respectively, represent the steam energy
input to the condenser by user i’s electrode industrial steam boiler and the steam flow rate
at time ¢; the steam energy input to the SA by user i’s electrode industrial steam boiler and
the steam flow rate at time t are QSACha and MSACha QFIS? ir3 MFISP 13 represent the steam
energy and steam flow rate dlrectly delivered by user 1s electrode industrial steam boiler

ESB
to the I-th ironing process production line at time t; P; 70 is the upper limit of the input

electrical power for user i’s electrode industrial steam b011er and Mfﬁgx is the upper limit

of the steam flow rate output for user i’s electrode industrial steam boiler.

4.2.2. User’s Condenser

The energy balance constraints on condenser input, the relationship between the
steam energy delivered by each process’s condenser and the electrical power consumed
by the condenser, the output steam energy balance constraints, the enthalpy (temperature)
constraints on steam delivered to each process, and the constraints on output steam flow
rate can be expressed as:

Nie1 N
CON QCONCha 4 3600( Z PﬂC@({)thel + Z PCON pd2 + Z PCON 1r3)At (45)
m=1 n=1 1=

Pr(rjl,?N_tE1 At QCONdlS tel( )/3600

CON_pd2
P}’l,t

PlCtON_lr?’At QCONdlS ir3 ( ) /3600

Af — QCONdls pd2(1ye )/3600 (46)

Ntel

CON Nir3
CcoN 1 CONdis._tel CONdis_pd2 CONdis_ir3
Qt : +S;7eCON Z Q 1s_te + Z Q + ; Ql,t is_ir, (47)

QiotNdis_tel — MCON_tel hCON_tel At

CONdis_pd2 CON d2, CON_pd2
Qur P =My, A (48)

QCONdls ir3 MCON ir3 thON_irS At

Negf CON 2 Ny
Z MﬂC@Ofotel ‘I’ Z M _p Z MCON ir3 < MCONdlS (49)

max
m=1

In Equations (42)—(46), The production lines of spinning, dyeing/printing, and ironing
processes are denoted by m, n, and I; Nie1, di2, and Nj3 represent the quantities of
production lines for spinning, dyeing/printing, and ironing processes, respectively; QFON
represents the total energy input of the condenser at time ¢, kJ; Q*ONcha represents the

steam energy input of the condenser at time ¢; PCON tel PCON P42 and PCON i3 represent

the electrical power required by the condenser at ‘time t to supply steam to the production

lines of spinning, dyeing/printing, and ironing processes; 7SN, 7SON represent the power

i 2
consumption efficiency and heating efficiency of the condenser; QCONdlS*tel, QCONdls -pd

CON d2 CON d2
QCONdls ir3 MCON tel M _p MCON ir3 hCON tel h _p and hCON ir3

, respectively,
represent the steam energy, steam ﬂow rate, and steam enthalpy dehvered by the condenser
to each production line of various processes at time t; the condenser’s maximum output
steam flow rate is MGONdis,
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4.2.3. User’s Steam Accumulator
Part of the steam sold by textile industry users is provided by SA; therefore, the SA
modeling for textile industry user i can be represented as:

SAcha cha j sSAcha
0< M = w Mz max

SAdis_pd2 Nis3

0< Z MSAdls tel + Z M + Z MSAd1s ir3 < wchsMSAdls
m=1

i,m,t in,t il,t 1,max
h d
wi i, wie € {0,1}
SA SA SA
Sl min g S S] max (50)
sSA = s.SA

SSA SSA 1 + MSAcha hSAcha At — MSA%VPPO hSA%VPPO At—
it—

(NZ MSAdls tethAdls tel + Z MSAdIS Pd2hSAd15_Pd2 + Zl: MSAdls 1r3hSAchs 1r3)At

i,m,t im,t in,t in,t il,t ilt

m=1

In Equation (47): Variables wf}t‘a and w?}s are both binary (0-1) variables. When

cha _
wz t

steam. When wdls = 1, the SA discharges steam for textile industry user i; otherwise, it does
not discharge steam The maximum charging and discharging steam flow rates of the SA for

SAcha SAdis. A sSAdis_tel SAdis_pd2 SAdis_ir3 7 SAdis_tel
i,max anszmax’Mzmt Mznt let hlmt 4

= 1, the SA charges steam for textile industry user i; otherwise, it does not charge

textile industry user i are M:

hl-sﬁfls‘pdz nd hlsftdls ir3 represent the steam flow rate and steam enthalpy delivered by the

SA to each process and production line of textile industry user 7 at time £; At time ¢, the
remaining capacity SZ.SA for textile industry user i should be equal to its initial value; S$4 S min’

S3A  respectively, denote the minimum and maximum values of the remaining capacity of

1,max”’
the SA for textile industry user i; SIS‘?, SSA represent the remaining capacity of SA for textile

industry user 7 at the initial time and at the end of the optimization period; M?fHVPPO,

hSA=VPPO respectively, represent the steam flow rate and steam enthalpy sold by the SA

of textile industry user i at time t. Since the user sells isothermal steam, #15A~VPPO remains
constant [27].
QSA—NPPO MSA—>VPPOhSA—>VPPO At (1)
ESB—VPPO | 5SA—VPPO
S, 1t - Q - Qi,t - (52)

The total steam energy sold by textile industry Q% is the sum of the steam energy

QSA%VPPO sold by the SA and the steam flow rate QESB%VPP 0
Modeling the steam temperature boundary of the condensing unit for textile industry

user i:
0’95Ts_telvtel < TCON_tel < 1.05Ts—t610521t

0.95T=-Pd2P4% < TEONPA2 < 1 g5 pd2yPe? (53)

0.95"[5—“30;33 < TlCtOI\T—1r3 < 10575303

b
PN B
pEONtel _ TGNl

b
4= " CON_pd2
PHC?N L (54)

b
P B
pCONLIr3 _ - 10N
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hi,OtN_tel — k1 ( k2 T,%?N—td _ k3) Pn(i,?N_tel k4 + ( k5 TWES&)N_tel + k6)

CON_pd2 CON_pd2 CON_pd2 CON_pd2
hn,t -P :kl(kZTn,t -P _k3)Pn,t -P k4+(k5Tn,t -P +k6) (55)

hﬁ‘ON_irS — kl ( k2 TIS‘ON_irB _ kg) P[gON_hG k4 + ( k5 TZSEON_hG + k6)

The modeling of the steam temperature boundary delivered by SA to each process
is similar to the steam temperature boundary modeling of the condensing unit for textile
industry user i mentioned above. Constraints on the operation of the gas boiler are not
reiterated here.

5. Result Analysis
5.1. Basic Data

To validate the effectiveness of the optimal dispatching strategy for textile-based vir-
tual power plants participating in grid-load interactions driven by energy price proposed
in this paper, this section selects daily operational tasks and production equipment param-
eters from actual statistics of a textile enterprise in Jintan, Changzhou. Utilizing the EMP
algorithm package and BARON solver within the GAMS environment, this study conducts
simulation-based optimization analysis on the model. The bi-level model operates on a
time scale of 1 h, with an overall scheduling horizon of 24 h. The bi-level model operates
on a time scale of 1 h, with an overall scheduling horizon of 24 h. Time-of-use energy prices
are shown in Table 1. VPPO sells electricity to the external grid at 50% of the purchase
price and purchases natural gas at a rate of 3.7 yuan/m3, with a lower heating value
of 9.97 kWh/m?®.

Table 1. The time interval division of time-of-use energy price.

Time Interval Time Range
Peak period 11:00~19:00
off-peak period 10:00, 20:00~22:00
valley period 1:00~9:00, 23:00~24:00

To validate the effectiveness of the bi-level dispatching strategy, two scenarios are
compared based on various energy price settings. The scenarios are as follows:

S1: VPPO sells electricity, heat, and steam energy to users at time-of-use energy prices;

S2: VPPO sells electricity, heat, and steam energy to users at real-time energy prices.

In scenario S1, multiple energy prices are based on time-of-use energy prices, with
specific time intervals as detailed in Table 1. Given the widespread implementation of time-
of-use electricity pricing, time-of-use energy prices extend this concept by dividing multiple
energy prices into peak, off-peak, and valley periods to guide user energy consumption
behavior. In scenario S2, multiple energy prices are based on real-time energy prices, where
energy prices generally vary at each moment in time.

5.2. Strategy Results Analysis

The profits of VPPO within industrial park under different scenarios, total daily
operating costs for textile industry users, and overall economic costs of the industrial park
are shown in Table 2.

Table 2. Comparison of VPPO profits, total operating costs of industrial users and overall economic
cost of VPP under two scenarios.

. . Total Operating Costs for Textile Overall Economic Costs of the
Scenario VPPO Earnings/(yuan) Industry Users/(yuan) VPP/(yuan)
S1 5471.167 1 88 800.828 7 83 329.661 6
S2 10 258.255 5 90 145.685 1 79 887.429 6
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Comparing the VPPO earnings, total daily operating costs for textile industry users,
and overall economic costs of the VPP between scenarios S1 and S2 as depicted in Table 3,
the VPPO earnings in scenario S2 increased by 87.5% compared to scenario S1. The total
operating costs for textile industry users rose by 1.51%, while the overall economic costs of
the VPP decreased by 4.13% in scenario S2. This is attributed to the fact that in scenario
52, the VPPO multi-energy prices were generally higher than in S1, leading to increased
VPPO earnings but also contributing to higher total operating costs for textile industry
users. Additionally, in scenario S2, textile industry users reduced their energy purchases
during peak pricing periods and increased purchases during off-peak periods, resulting
in lower overall economic costs for the VPP. This demonstrates that the energy pricing
strategy proposed in this paper effectively enhances the overall economic performance of
VPP targeted at industrial parks, thereby improving energy utilization efficiency.

Table 3. Comparison of daily operating costs of industrial users under different scenarios.

Scenario Cost for User 1 Cost for User 2 Cost for User 3
S1 22 075.684 1 30818.277 9 35 906.866 7
S2 22218.2549 31329.1196 36 598.310 5
cost volatility —0.646% —1.658% —1.926%

Comparing the operating costs of three textile industry users under scenarios S1 and S2
as shown in Table 3, the operating costs for the three textile industry users in scenario S2
increased by 0.646%, 1.658%, and 1.926%, respectively, compared to scenario S1. This is due
to Textile Industry User 1 having the highest output from distributed photovoltaics and
concurrently the highest SA capacity, resulting in the smallest increase in operating costs
for User 1 among the three. Users 2 and 3 have similar levels of distributed photovoltaic
output, with User 2 having slightly higher SA capacity than User 3, contributing to slightly
better economic performance for User 2 than User 3. This illustrates that the installed
capacity of new energy sources and SA capacity significantly impact the operating costs of
textile industry users, with higher capacities leading to lower operating costs.

5.3. Analysis of Energy Trading Outcomes

In scenarios S1 and S2, the pricing results of VPPO for textile industry users are
depicted in Figures 3 and 4.

—=— VPPO purchases electricity price from users = VPPO purchases clectricity price from users
L4 e VPPOsells electricity price to users 1.4 |- o VPPO sells electricity price to users
4 VPPO purchases heat price from users 4— VPPO purchases hcf,at price from users
'VPPO sells heat price to users VPPO sells heat price to users
12 & VPPO purchases gas price from users 12 - & VPPO purchases gas price from users
VPPO sells gas price to users s VPPO sells gas price to users ° o
=y
= =
= 1.0 F 210+ y N .
= o o o o o 0o o oo =4 L — °
g g
g 2
@ 08 | 2 08k
3 +e £ e
& 2y
>, 0.6 |- Q .6 - .
2 b= .
2 - bosy 2 .. .
2 " 04t o v y—u "
05 o0 0 o o o | b = e (DD L ’ " @ 2 YU 4 DS == S EDVEDNEDN
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Figure 3. VPPO energy price under scenario S1 and S2. (a) S1 scenario VPPO trades energy prices.
(b) S2 scenario VPPO trades energy prices.
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Figure 4. Purchase and sale electricity strategy of VPPO under scenario S1 and S2. (a) S1 scenario
VPPO trades electrical power. (b) S2 scenario VPPO trades electrical power.

Figures 4 and 5, respectively, depict the electricity trading patterns between VPPO
and textile industry users in scenarios S1 and S2. From the figures, it is evident that the
textile industry users predominantly sell electricity during the high solar output period
from 8:00 to 16:00. During the peak period from 11:00 to 19:00, compared to scenario S1,
VPPO in scenario S2 sell electricity at higher prices, resulting in lower sales volume by
VPPOs and lower electricity purchase by users. Textile industry User 3, with limited SA
capacity, purchases significant amounts of electricity to produce steam during the 11:00 to
13:00 period to meet production demands. In contrast, during the off-peak period from
1:00 to 5:00, VPPO in scenario S2 sell electricity at lower prices compared to S1, leading to
higher electricity purchases by users and lower sales volume by VPPO. Textile industry
User 1 purchases substantial amounts of electricity during this period for production pur-
poses. These observations demonstrate that the proposed bi-level optimization dispatching
method under time-of-use energy pricing effectively encourages adjustments in electricity
purchasing plans for textile industry users.
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Figure 5. Purchase and sale electricity strategy of users under scenario S1 and S2. (a) S1 scenario user
trades electrical power. (b) S2 scenario user trades electrical power.
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Figures 6 and 7 depict the heat trading patterns between VPPO and textile industry
users in scenarios S1 and S2, respectively. A comparison reveals that there is minimal
variation in the total heat sold by VPPO between scenarios S1 and S2. However, VPPO
in scenario S2 shows significantly reduced heat purchases. This is because during peak
periods in scenario S2, electricity prices are higher, prompting VPPO to utilize CHP units
to generate electricity while producing substantial amounts of heat. Consequently, VPPO
in scenario S2 exhibit lower heat purchase volumes. Additionally, based on the electricity
selling prices by VPPOs as depicted in Figure 5, which influences the timing of industrial
production schedules, the heat purchase volumes for textile industry users 1 and 3 in
scenario S2, as shown in Figure 7, also shift compared to scenario S1, concentrating during
off-peak hours.
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Figure 6. Purchase and sale heat strategy of VPPO under scenario S1 and S2. (a) S1 scenario VPPO
trades thermal power. (b) 52 scenario VPPO trades thermal power.

[ User 1 purchases themal power —#— User 1 sells thermal power
{7 User2 purchases themal power—8— User 2 sells thermal power
User 3 purchases themal power—A— User 3 sells thermal power-

20

3,000 | M

2,000

1,000

Scenario 1 heat power sold by each user/(kW)

400

Scenario 2 purchase ofheat power by each user/(kW)

4 8 12 16 20 24 :
Time/(h) Time/(h)

(a) (b)

Figure 7. Purchase and sale heat strategy of users under scenario S1 and S2. (a) S1 scenario users
trade thermal power. (b) S2 scenario users trade thermal power.

Figures 8 and 9, respectively, illustrate the steam trading patterns between VPPO
and textile industry users in scenarios S1 and S2. Comparing Figures 8 and 9, during the
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11:00 to 19:00 period in scenario S2, VPPO significantly reduce their steam sales compared
to scenario S1. This reduction is attributed to the increase in steam prices during this
period due to the surge in electricity prices, leading to decreased steam purchases by textile
industry users. Additionally, the steam sales volume increases for textile industry User 1
and User 2 in scenario S2. This is because User 2 has a smaller SA capacity, while User 1
has a larger SA capacity, allowing them to increase their economic benefits through the

proposed strategies.
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Figure 8. Purchase and sale steam strategy of VPPO under scenario S1 and S2. (a) S1 scenario VPPO
trades steam power. (b) S2 scenario VPPO trades steam power.
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Figure 9. Purchase and sale steam strategy of VPPO under scenario S1 and S2. (a) S1 scenario users
trade steam power. (b) S2 scenario users trade steam power.
5.4. Analysis of Optimal Dispatching Results

In scenario S2, the optimized dispatching results for VPPO regarding electricity, heat,
and steam are depicted in Figure 10. From the figure, it is evident that VPPO achieve
multi-energy power balance constraints for electricity, heat, and steam.
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Figure 10. Multi-energy balance diagram of VPPO.

Photovoltaic generation is the primary source of internal electricity within the VPPO.
As shown in Figure 10 for electric power, VPPO primarily sources electricity from the
grid and CHP units. During off-peak electricity price periods, VPPO purchases electricity
from the grid, while during peak periods, it utilizes gas and the CHP units to supplement
power supply. VPPO'’s electricity consumption mainly involves selling electricity to textile
industry users, with its electrode industrial steam boilers and heat pumps predominantly
operating during off-peak electricity price periods. Energy storage systems charge during
off-peak periods and discharge during peak periods, thereby enhancing VPPO's electricity
revenue. As depicted in Figure 10 for heat power, VPPO’s heat sources primarily involve
heat pumps for heating during off-peak electricity price periods and purchasing heat for
textile industry users. During peak electricity price periods, energy conversion from gas
to heat is facilitated through CHP units as an energy substitution measure. Regarding
steam power, as shown in Figure 10, VPPO utilizes electrode industrial steam boilers to
produce steam during off-peak electricity price periods. Simultaneously, it purchases steam
from textile industry users, storing the obtained steam in SA. During peak electricity price
periods, steam is released from SA and sold to textile industry users. The operational status
of SA for each textile industry user is illustrated in Figure 11.
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Figure 11. SA operation of each user.

6. Conclusions

This paper proposes an optimal dispatching strategy for textile-based virtual power
plants participating in grid-load interactions driven by energy price. The results are
as follows:

(1) In the bi-level optimization strategy proposed in this paper, compared to VPPO
selling electricity at peak, flat, and off-peak multi-energy prices, VPPO’ profits increased
by 87.5% under real-time energy prices. Total operating costs for textile industry users
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increased by 1.51%. Meanwhile, the overall economic costs of the VPP decreased by 4.13%,
effectively enhancing the overall economic viability of the VPP.

(2) Under the guidance of real-time energy prices set by the VPP, users adjusted their
energy consumption behaviors by shifting energy purchase times to off-peak periods. This
adjustment facilitated production planning and the transfer of multi-energy loads, resulting
in smoother fluctuations in demand for textile industry users.

(3) The operating costs of textile industry users are related to the capacity of SA. Textile
industry user 1 has the highest SA capacity, while user 3 has the lowest. Under real-time
energy prices, the operating costs for these three textile industry users increased by 0.646%,
1.658%, and 1.926%, respectively. This indicates that the size of SA capacity affects the
economic viability of textile industry users; higher SA capacity leads to lower operating
costs for textile industry users.
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Abstract: Performance parameters and generative design applications have redefined
the human-machine collaborative relationship, challenging traditional architectural de-
sign paradigms and guiding the architectural design process toward a performance-based
design transformation. This study proposes a multi-objective optimization (MOO) de-
sign approach based on performance simulation, utilizing the Grasshopper-EvoMass
multi-objective optimization platform. The Non-dominated Sorting Genetic Algorithm II
(NSGA-II) is applied to coordinate two performance metrics—outdoor thermal comfort
and building energy loads—for the multi-objective optimization of architectural design.
The results indicate that (1) a performance-based multi-objective optimization design
workflow is established. Compared to the baseline design, the optimized building form
shows a significant improvement in performance. The Pareto optimal solutions, under
2022 meteorological conditions, demonstrate an annual energy efficiency improvement of
16.55%, and the outdoor thermal neutrality ratio increases by 1.11%. These results suggest
that the optimization approach effectively balances building energy loads and outdoor
thermal comfort. (2) A total of 1500 building form solutions were generated, from which
16 optimal solutions were selected through the Pareto front method. The resulting Pareto
optimal building layouts provide multiple feasible form configurations for the early-stage
design phase.

Keywords: multi-objective optimization; building energy consumption; outdoor thermal
comfort; office buildings

1. Introduction

The rapid urbanization process is profoundly altering the urban climate, with extreme
weather events becoming more frequent, the urban heat island effect intensifying, and
carbon emissions rising globally [1]. Poor environmental conditions pose significant threats
to public health. Against the backdrop of climate and energy concerns, scholars worldwide
have begun to focus on urban form studies based on multiple performance indicators [2].
In the cold regions of northeast China, where winters are long and harsh, thermal comfort
significantly impacts the actual experience. Office buildings need to strike a balance
between functional demands, sustainability, and comfort. Multi-objective optimization
has become an effective tool [3], capable of simultaneously balancing various performance
metrics and adapting flexibly to external meteorological conditions.

In recent years, generative design has developed rapidly. The application of perfor-
mance parameters and generative design has redefined the human-machine collaborative
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relationship, breaking through traditional architectural design paradigms and guiding the
architectural design process toward a performance-based design transformation [4]. As
an iterative algorithm that coordinates multiple parameters, multi-objective optimization
is suitable for meeting the need to coordinate various goals in architectural design, and
it is crucial when balancing conflicting objectives [5-7]. This study selects a typical office
building in Dalian as the research sample and analyzes the influence patterns of multiple
factors through multi-objective optimization of architectural forms. The research aims to
explore strategies for performance-based design in cold regions and provide methods and
theoretical references for architects in the early-stage design of building forms.
Integrating multi-objective optimization methods into the conceptual phase of archi-
tectural design helps address the complex goals of achieving optimal energy efficiency
while enhancing thermal comfort. Current research on the application of multi-objective
optimization in architectural design can be categorized into three main areas. (1) From
the perspective of green buildings, research on multi-objective optimization design coordi-
nates multiple performance indicators (such as acoustics, lighting, and thermal properties
in building physics). Over the past decade, researchers in building performance have
focused on the role of artificial intelligence technologies in shaping architectural forms,
conducting extensive work in underlying algorithms, theoretical methods, and engineering
practices [5,8-10]. Architectural designers have applied multi-objective optimization to
various performance metrics. In 2016, Delgarm N. et al. [11] optimized building energy
consumption and indoor thermal comfort using the Multi-objective Artificial Bee Colony
(MOABC) algorithm. In 2021, Deb K. et al. [12] optimized materials for residential buildings
in cold regions, targeting building life cycle assessment (LCA) costs and CO2 emissions. In
2022, Jingjin Li et al. [13] conducted multi-objective optimization for a residential area in
Nanjing, using three volumetric combinations (horizontal, vertical, and hybrid) as variables,
targeting the floor area ratio and solar radiation. In 2024, Xian Zhang et al. [14] applied the
MOPSO algorithm to optimize indoor spaces, with objectives including visual effects and
energy efficiency. (2) From the perspective of urban design, multi-objective optimization is
applied at various scales (building, block, and city levels). Multi-objective optimization
is employed across multiple design scales (city—block—building—room—component).
In 2022, S. Mirzabeigi et al. [15] proposed a multi-objective optimization framework for
urban block-scale design using parametric design and energy consumption simulations. In
2024, Maksoud A. et al. [16] studied urban block optimization, coordinating solar radiation
intensity with flood resilience. In 2024, Abdul Mateen Khan et al. [17] used design-build
simulations combined with machine learning methods (LGBM and LIME) to predict and
optimize the energy efficiency of building units, achieving energy savings and reduced
carbon emissions through multi-objective optimization (MOO). In 2024, Juan Gamero
Salinas et al. [18] explored multi-objective optimization to balance the minimization of
indoor overheating time and the maximization of useful daylight, focusing on multiple
rooms within a building. (3) From the perspective of architectural form, research focuses
on generating combinations of forms based on multiple building performance indicators
through multi-objective optimization. In 2022, Hankun Lin et al. [19] developed a coupled
simulation method using tools such as Ansys Fluent, Ladybug, and Honeybee to simulate
the shading and wind effects of green facades. Regarding architectural form exploration,
research has primarily concentrated on the early design phase of overall building form
exploration. In 2023, Yu Li et al. [20] applied the multi-material bi-directional evolutionary
structural optimization (BESO) method to design the “Xiong’an Wing” large cantilever core
structure, improving the practical application of multi-material BESO methods in large-
scale building designs. In 2024, Younes Noorollahi et al. [21] demonstrated the significant
role of climate conditions in optimizing building energy use by studying design parameters
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such as building orientation, shading parameters, insulation thickness, temperature set
points, window-to-wall ratio, and roof insulation thickness.

The evaluation systems for the built environment are rich and diverse, with out-
door thermal comfort and building energy load both being criteria for assessing the built
environment. For cold regions, the outdoor environment in winter is harsh and often un-
comfortable, necessitating improvements in the built environment. Moreover, in response
to the societal call for low carbon emissions, office buildings should consider how to reduce
operational energy loads during the design phase. It is noteworthy that outdoor thermal
comfort and building energy load are interrelated, and with a reasonable architectural
layout, it is possible to coordinate these two evaluation indicators simultaneously. There-
fore, this study uses outdoor thermal comfort and building energy load as two evaluation
indicators, and based on these, formulates objective functions. It employs multi-objective
optimization methods to explore architectural forms.

Based on the above background, current research on the application of multi-objective
optimization in architectural design still has several limitations. (1) Limited scope of build-
ing types for optimization. Research primarily focuses on residential buildings, given
their higher frequency of use. However, there is a lack of multi-objective optimization
design studies for office buildings, especially office parks. (2) Optimization objectives need
further refinement. There are few studies that standardize the treatment of outdoor thermal
comfort and energy load. Existing research often uses default program methods to balance
various performance metrics, applying trade-off factors to standardize multiple perfor-
mance indicators, thus enabling better coordination of optimization objectives. (3) Few
integrated workflows for multi-objective optimization and generative design. Current
multi-objective optimization research typically focuses on idealized models, leading to
results that are combinations of permutations rather than generating new design solutions.
Parametric generative design addresses this gap, and integrating generative design with
multi-objective optimization can better guide architects in early-stage form generation.

This study aims to investigate multi-objective optimization design for office parks in
cold regions, focusing on coordinating annual energy loads and outdoor thermal comfort,
with an emphasis on form changes and optimization potential under multi-objective
optimization conditions. The main objectives of the research are as follows. (1) To establish
a broadly applicable performance-based simulation workflow (focusing on building energy
loads and outdoor thermal comfort) to create a quantitative evaluation system for the
built environment. (2) To perform climate and form adaptability settings for urban areas
in cold regions (modifying meteorological data based on the urban heat island effect),
thereby enhancing the accuracy of performance simulation workflows. (3) To explore the
possibilities of architectural forms within a plot by combining multi-objective optimization
with generative design under constraints such as building form parameters (floor area ratio,
number of stories, enclosure degree, etc.).

The remainder of this paper is structured as follows. Section 2 describes the research
methods, including performance indicator simulation programs, generative design pa-
rameter settings, and data analysis and visualization techniques. Section 3 presents the
research results, focusing on the exploration of the multi-objective optimization process
and the various form outcomes generated by generative design. Section 4 discusses the
results and the potential for performance improvement through optimization, as well as
the limitations of the study. Section 5 provides conclusions and future outlook.

2. Methodology

This study combines generative design and multi-objective optimization methods to
create a design workflow, focusing on optimization directions such as outdoor thermal
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comfort and building energy consumption, as shown in Figure 1. The research spans
three stages, from subjective perception to performance improvement in the built envi-
ronment: (1) perception detection; (2) analysis, diagnosis, and management; (3) quality
efficiency improvement. Furthermore, the research involves five specific steps: (1) subjec-
tive perception; (2) urban modeling; (3) building performance simulation; (4) block scale
building form generation; and (5) multi-objective genetic optimization.
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Figure 1. Technology roadmap.

In the morphological generation process, parameters such as enclosure ratio, building
height, floor area, floor area ratio, and orientation offset angle are selected. Rhino and Evo-
Mass are used as modeling and parametric form generation platforms, while Ladybug Tools
serves as the performance simulation platform, simulating outdoor thermal comfort and
annual building energy consumption [22,23]. The Universal Thermal Climate Index (UTCI)
is used as the performance metric for outdoor thermal comfort, supplemented by secondary
indicators such as Predicted Mean Vote (PMV), Mean Radiant Temperature (TMRT), Sky
View Factor (SVF), and Air Temperature (Ta). Energy Use Intensity (EUI) is used as
the performance metric for building energy consumption, with sub-metrics including
heating energy consumption (Heat Generation), air conditioning and refrigeration (Chiller),
lighting energy consumption (Lighting), other electrical equipment (Equipment), and total
energy load (Total Load) [24,25]. Using the generative design program [26-28], multiple
form indicators are selected as optimization targets, iterating and optimizing within a
multi-objective optimization cycle.
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2.1. Research Location

Dalian (latitude 38.91° N, longitude 121.61° E) is a major city and sub-provincial
municipality in China, with a permanent population of 7.539 million and a total area of
12,574 km?. Located at the southernmost point of northeast China, Dalian consists of
10 districts and counties, including Zhongshan District, Shahekou District, Xigang District,
Ganjingzi District, Pulandian District, Changhai County, Jinzhou District, Zhuanghe City,
Wafangdian City, and Lushunkou District. The city has a temperate monsoonal climate with
maritime characteristics, featuring mild winters and warm summers with distinct seasons.
The average annual temperature is 10.5 °C, with annual precipitation ranging between
550 and 950 mm and total annual sunshine duration between 2500 and 2800 h. In recent
years, the occurrence of extreme weather events in China has increased [29], with both
summer heatwaves and harsh winter cold significantly impacting urban thermal perception,
inevitably increasing the use of air conditioning, heating, and other electrical equipment.

The study site is located in the Huaxin Industrial Park, Ganjingzi District, Dalian, as
shown in Figure 2. The designated plot spans 126,000 m2. The existing building on-site
is an L-shaped office building with built structures on the south and east sides and open
spaces to the north and west. An urban road on the south side connects the site with its
surroundings. To the southwest and north of the site are office and residential buildings,
respectively, arranged as linear standalone blocks. A digital model of the existing buildings
and site conditions was created using the Grasshopper-Elk urban modeling workflow. This
model was integrated with a multi-objective optimization design method to optimize the
form of office buildings within the site.

DaLian China

Huaxin Industrial Park (Designed Site
Area: 126,000 square meters)

Figure 2. Research site location and existing building satellite map. Note: The base map is a standard

map, and there are no modifications to the map. The map review number is GS (2016) 1552.

This section offers context regarding the research location, climate, and site-specific
characteristics, emphasizing the practical challenges faced by the design process. The
detailed modeling workflow, combining urban-scale modeling with form optimization,
provides a foundation for generating adaptive and high-performance design solutions
tailored to Dalian’s climate and urban environment.
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2.2. Energy Load Simulation

In its broad definition, building energy consumption refers to the total energy used
throughout the entire life cycle of a building, including the production and transportation of
building materials, the construction phase, the operational phase, and the demolition phase.
In a narrower sense, building energy consumption specifically refers to the energy used
during the operational phase, encompassing heating and air conditioning, lighting, and
equipment energy use. The primary energy sources include water, electricity, natural gas,
coal, and biomass. This study focuses on passive design strategies, which are significantly
influenced by building morphology [30] and are directly controlled by architects. Active
systems, such as heating, ventilation, and air conditioning (HVAC) system design [31],
are beyond the scope of this research. The building energy consumption simulation only
considers the operational phase [32,33], excluding the energy required for construction
and demolition.

To simplify the building energy simulation calculations [34-36], the building envelope
is modeled as a zero-thickness plane with a certain thermal resistance. This approach aligns
with the guidelines outlined in the “General Specification for Building Energy Efficiency
and Renewable Energy Utilization (GB55015-2021 [37])” for the cold A and B zones in
China. The thermal transmittance of the building envelope has a significant impact on
heating energy consumption, as heat loss due to the temperature difference between indoor
and outdoor spaces during the heating season is dominant. The window-to-wall ratios for
south-, north-, east-, and west-facing walls are set at 0.55, 0.35, and 0.40, respectively. The
thermal transmittance values for external walls, roofs, and floors are set to 0.35 W/m?2-K,
0.25 W/m? K, and 0.35 W/m? K, respectively, with heating energy consumption for cold
regions calculated at 82 MJ/(m?-a). The hourly occupancy rates are shown in Table 1.

Table 1. Room occupancy rates (in percent).

Time

Building 1 2 3 4 5 6 7 8 9 10 11 12
Type

Weekdays 0 0 0 0 0 0 10 5 95 95 95 80

Office  Holidays 0 0 0 0 0 0 0 0 0 0 0 0

Buildin 13 4 15 16 17 18 19 20 21 22 23 24

& Weekdays 80 9% 95 95 95 30 30 0 0 0 0 0

Holidays 0 0 0 0 0 0 0 0 0 0 0 0

The building energy consumption simulation utilizes the Honeybee 0.0.69 plugin from
Ladybug Tools 1.6.0, which allows Rhino 7.0 models to be imported into EnergyPlus 9.5.0
and OpenStudio 3.4.0 for energy analysis. The steps for the building energy simulation
experiment are as follows. (1) Model validation: Import the model into Grasshopper 2.0 to
check for and eliminate any overlapping surfaces. Once the model is verified, import it into
Honeybee, assigning material properties to components such as external walls, roofs, and
floors based on predefined parameters. (2) Setting basic parameters: Define the schedule
based on the functional zoning requirements and input the local climate data for Dalian,
provided by the national meteorological service. (3) Building the energy model: Construct
the Building Energy Model (BEM) within Honeybee. The model primarily consists of HB
Room and Context, where HB Room includes elements such as HB Object, Construction
Set, Program, and Conditioned space definitions. (4) Generating energy simulation results:
Simulate to output annual Energy Use Intensity (EUI), heating energy consumption, and
cooling energy consumption. The energy use is calculated in units of kWh/m?. (5) Visu-
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alization of simulation results: Organize the energy consumption data, make necessary
adjustments, and use Origin software 2023 to visualize the experimental results.

2.3. Outdoor Thermal Comfort Simulation

Thermal comfort, also known as thermal satisfaction or thermal comfort level, refers to
the human body’s feedback on the comfort level of the thermal environment [38]. Research
on thermal comfort initially began in the fields of indoor environmental design and heating,
ventilation, and air conditioning (HVAC), later expanding to outdoor spaces in landscape
architecture, specifically referred to as outdoor thermal comfort. Comfort is defined as the
degree of satisfaction individuals feel, both physiologically and psychologically, with the
objective physical environment, which includes factors such as thermal conditions, lighting,
acoustics, and air quality [39]. When subjective evaluations are involved, other factors like
cognition, psychology, and personal habits must also be considered [40,41].

Thermal comfort describes a state where individuals feel satisfied with the thermal
conditions of their surroundings, which is influenced by factors such as air temperature,
humidity, wind speed, and solar radiation. In this study, the term “comfort” specifically
refers to thermal comfort, one of the earliest research topics in the field of building sci-
ence. Thermal comfort is affected by multiple factors, including environmental conditions,
human factors, and climatic influences.

Simulations of outdoor thermal comfort and building energy consumption were
performed using the Rhino-Grasshopper platform [42—44], incorporating plugins such as
Ladybug, Dragonfly, and Honeybee [45]. The thermal environment simulation results
are quantified through several indices, including the Universal Thermal Climate Index
(UTCI), Predicted Mean Vote (PMV), and Mean Radiant Temperature (TMRT). The research
process follows these key steps. (1) Sky View Factor (SVF) Simulation: The Sky View Factor
(SVF) simulates the extent to which a person is exposed to the sky, used to assess the
natural impact of sunlight on individuals in outdoor environments. In building design,
evaluating SVF is a crucial parameter for assessing building morphology. This index is
calculated by considering factors such as building orientation, height, and angle. The input
is defined through “LB Human to Sky Relation”, which sets the measurement points and
site locations, while the output is generated by “LB Outdoor Solar TMRT”, which calculates
solar irradiance under shadow conditions in outdoor environments. (2) Mean Radiant
Temperature (TMRT) Simulation: Mean Radiant Temperature (TMRT), also referred to as
ambient or environmental temperature, is the temperature at which the total radiant energy
emitted by all surrounding surfaces is uniformly distributed at a given time. TMRT is
crucial for describing the overall thermal radiation environment surrounding an individual.
Although it represents an idealized temperature value, TMRT plays a significant role in
both human thermal comfort and building energy consumption. During winter, people
typically adjust indoor temperatures to maintain comfort, and the level of TMRT can
influence heat loss and retention. In summer, elevated TMRT values can increase building
energy consumption, as higher radiant temperatures require more cooling energy from air
conditioning systems to maintain comfortable indoor conditions.

1
1.10 x 108V06 i
Tflﬂ (T, —T,)| —273 (1)

Tt = | (Tg +273)* +

The “LB Outdoor Solar TMRT” program in the Ladybug software 0.0.69 utilizes the
“Solar Cal” model from ASHRAE-55 [46] to calculate both long-wave and short-wave
solar radiation. This model estimates the Mean Radiant Temperature (TMRT) using the
sky view factor. The output provides hourly simulated values of TMRT. In addition to
these calculations, the simulation can be refined by incorporating parameters such as
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human activity level, clothing insulation, metabolic rate, and ground surface reflectivity, as
shown in Formula (1). (3) Outdoor Thermal Comfort Simulation: The Universal Thermal
Climate Index (UTCI) is a metric that evaluates and describes human comfort based on
physiological and psychological responses to the thermal environment. Influencing factors
include temperature, humidity, airflow speed, and radiant temperature, along with the
body’s physiological and psychological reactions to these environmental conditions. The
UTCI assumes a walking activity with a metabolic rate of 2.4 met, and it automatically
adjusts clothing insulation based on outdoor temperatures. Although originally designed
for indoor environments, the UTCI provides architects with a quantifiable method to
analyze user comfort, allowing them to design and modify environments to improve
overall comfort and health.

The UTCI has several advantages. (1) It is applicable under various thermal exchange
conditions; (2) it can be used across a wide range of climates, seasons, and scales; (3) it
supports interdisciplinary research across fields such as meteorology, geography, and
architecture, as shown in Formula (2).

UTCI = T, + of fset(Ty, Tyut, Vo, RH) @)

The “LB UTCI Comfort” module for UTCI calculation takes four key climate param-
eters as inputs: air temperature, mean radiant temperature, relative humidity, and wind
speed. The output generates a thermal map of the simulated site, displaying hourly UTCI
values and the corresponding outdoor thermal comfort zones. This process allows for the
selection of grid points within the site as simulation points for multiple UTCI calculations,
with the results visualized to depict the distribution of outdoor thermal comfort across
the site.

2.4. Standardization Processing and Objective Function

Building energy consumption and outdoor thermal comfort are two performance
indices with different dimensions, making them challenging to optimize as single-objective
problems through direct target function settings [47]. This necessitates data preprocess-
ing [48]. In this study, dimensionless data processing is employed, as demonstrated in
Formula (3). In this equation, the greater the difference between a performance index
value and its maximum, the smaller the resulting standardized value. The standardized
value indicates the relative magnitude of a specific value within the total range of values,
which lies between 0 and 1. For building energy consumption, the objective function is
to minimize the total building energy consumption. For outdoor thermal comfort, the
neutral thermal temperature serves as the reference point, comparing individual values to
this neutral temperature. The objective function aims to minimize the deviation from the
neutral temperature, thus making the simulated site temperatures as close as possible to
the neutral thermal zone.

’ maxx; — X;

5= e ©)

The designated objective function needs to articulate a formulaic expression that
simultaneously optimizes for both comfort and energy consumption. Through the normal-
ization of indices, it is possible to balance two types of data that differ in units and have
significant numerical disparities. The traditional method of balancing uses Formula (4),
which employs a balancing factor w to weigh the two performance indices. For instance,
if the weight for building energy consumption is set at w = 0.6, then the balancing factor
for thermal comfort should be 0.4. However, this method is susceptible to subjectivity in
setting the weight factors, potentially leading to suboptimal results constrained by personal
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biases, often resulting in a locally optimal solution (LOS). In this study, the weight factor w
is set to 0.5.

This research adopts the Pareto optimization approach to enhance solution finding,
effectively avoiding local optima. The core of Pareto optimization lies in identifying the
optimal frontier. Points on this frontier are Pareto optimal solutions. If a testing scheme’s
two-dimensional performance scatter plot shows no dominated solutions, the scheme is
considered a Pareto optimal solution. All such optimal solutions form a scattered set,
which, when connected, creates the Pareto frontier. This method minimizes subjective
interference in the optimization process. The criteria for forming a Pareto optimal solution
involve setting objective functions to simultaneously minimize both indices—building
energy consumption and thermal comfort—as shown in Formula (5). Performance in-
dices are evaluated using a fitness metric, which represents the normalized result of the
performance simulation.

The designated objective function needs to articulate a formulaic expression that simul-
taneously optimizes for both comfort and energy consumption. Through the normalization
of indices, it is possible to balance two types of data that differ in units and have significant
numerical disparities. The traditional method of performance simulation.

minize Total Fitness = wFitness of Load + (1 — w)Fitness of Comfort 4)

Fitness of Load
f ) ©)

minize(Total Fitness) = minize| _.
( ) (Pztness of Comfort

2.5. Multi-Objective Optimization

In practical design engineering projects, the challenge often lies in simultaneously
coordinating multiple project objectives. Architectural performance goals such as thermal
comfort and energy consumption require differing approaches to building form, and his-
torically, balancing these objectives has heavily depended on the experience and intuition
of architects. However, with the advancement of quantitative science, multi-objective
optimization methods have emerged to address the deficiencies in coordinating multiple
building performance indices. The non-dominated set of solutions in multi-objective opti-
mization is considered as Pareto optimal solutions, with the optimization direction aimed
at minimizing each objective, thus optimizing multiple objectives F(x) simultaneously. The
formula is as follows:

minimize F(x) = (fi(x), fo(x), ..., fu(x))T ®)
subject to xeQ)

According to Formula (6), each F;(x) represents an individual objective function asso-
ciated with different performance criteria of the building project. This approach facilitates
a systematic exploration of architectural solutions, enabling the integration of multiple
performance metrics without undue compromise. The adoption of multi-objective opti-
mization allows architects and engineers to derive balanced solutions that better meet the
complex demands of modern building projects.

Outdoor thermal comfort and building energy consumption are critical determinants
of architectural form variations, with the thermal comfort index subdivided into several
metrics such as Sky View Factor (SVF), Mean Radiant Temperature (MRT), Universal
Thermal Climate Index (UTCI), and Predicted Mean Vote (PMV), denoted as Index1, Index2,
Index3, Index4, respectively. Moreover, the building layout is influenced by foundational
architectural parameters, with adjustable building parameters, including Width, Length,
Orientation, and Capacity Ratio. In this setting, architectural form parameters serve as
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independent variables, which are freely generated through the EvoMass system based on
morphological parameters [49]. Performance parameters are treated as dependent variables
for evaluating generated designs [50].

Architectural volume generation is facilitated through the Additive Form Massing
Component, based on a summary of morphological parameters for office buildings in
Dalian, as discussed in Chapter 4. Key morphological settings include an 8 x 8 column grid
system with 8 m spacing, building heights ranging from 6 to 10 stories, and a floor height
of 4 m. Additionally, building orientation uses true south as a reference, with a variation
angle range from —15° to 15° and a granularity of 1°.

For optimizing outdoor thermal comfort, the annual average UTCI value is used
as a quantitative index to ensure that the site surrounding the building volume remains
as close to thermal neutrality as possible. For energy consumption optimization, the
energy load per unit area serves as a quantitative index, with initial energy consumption
parameters set to simulate the annual energy consumption of the building form. To balance
these performance goals, the research employs the Pareto optimal solution method to
weigh the importance of multiple design objectives, optimizing them simultaneously. To
simplify calculations, the UTCI simulation resolution is set at 50 m x 50 m, with averages
from each generated site scenario used as quantitative metrics.

The optimization design process is implemented through the Steady State Is-
land Evolutionary Algorithm, with five islands optimizing concurrently, each contain-
ing 15individuals. A total of 1400 optimization iterations are conducted to ensure
adequate evolution.

3. Results
3.1. Multi-Objective Optimization Result Analysis

Figure 3 illustrates the distribution of all generated samples, with the horizontal and
vertical axes representing the standardized values of outdoor thermal comfort and building
energy consumption, respectively. The overall trend in the optimization scatterplot shows
the samples converging toward the minimal values of the two performance indices [51],
indicating that the multi-objective optimization method successfully addresses the aim
of balancing multiple performance indices [52,53]. Additionally, most optimized design
samples exhibit performance indicators superior to existing buildings. However, since
actual design processes involve multiple factors, there are numerous other influences to
consider beyond just outdoor thermal comfort and building energy consumption.

Significantly, building orientation has a notable impact on performance-based design.
From the solutions on the Pareto frontier, it is evident that south or southeast orientations
are optimal. A south-facing orientation allows more direct sunlight during the day, reducing
the need for artificial lighting and thereby lowering energy consumption. Conversely,
buildings facing southeast create more shadows over the courtyard, maintaining more of
the site in a thermally neutral comfort zone, thus improving the thermal environment.

A total of 1500 multi-objective optimization schemes were generated, with the distribu-
tion of optimization samples from six islands, as shown in Figure 3. The figure combines
the individual and aggregate relationships. The y-axis represents the standardized result of
outdoor thermal comfort, while the x-axis represents the standardized total annual building
energy consumption. The black line represents the Pareto frontier’s optimal solutions, indicat-
ing the best outcomes in the optimization direction. The objective of the optimization design
is to minimize the standardized indices, with points closer to the origin representing better
outcomes. Since multiple islands can produce multiple optimal solutions, the research consoli-
dates these island-specific optima into an optimal solution set, providing design tendencies
and optimization suggestions for the early stages of architectural form design [54].
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Figure 3. Distribution of optimal solutions for the optimized sample. (a) Performance Distribution
of the Pre-Iteration Design; (b) Performance Distribution of Design Solutions during Iteration;
(c) Post-Iteration Design Distribution.

The performance of the optimal solutions generated after multi-objective optimization
is shown in Figure 3. The axes represent a combination of the fitness of energy con-
sumption (Fitness of Energy), thermal comfort fitness (Fitness of Comfort), and overall
fitness (Total Fitness). The dense clustering of points around the origin in the energy
consumption—thermal comfort graph indicates that, under the multi-objective orientation,
the iteratively generated schemes approach the performance envisioned by the objective
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function. The interaction of these indices is not merely additive but involves iterative
optimization coordinated through the control of morphological parameters. The degree of
clustering observed in the graph signifies the efficacy of multi-objective optimization, with
performance enhancements realized during the iterative process.

Figure 3 depicts the iterative process of multi-objective optimization for a selected set
of 650 solutions. In the initial settings of optimization, the individual geometric parameters
of the building are set uniformly across gradients, as evidenced by the uniform intersection
of lines in the early segments of the line graph. During the mid-stage of optimization, after
evaluating multiple performance indices, a comprehensive assessment of the solutions’
performance across several dimensions is conducted. Non-dominant solutions are replaced
by dominant ones. In the later stages of optimization, as the number of iterations increases,
the overall trend lines show a clustering tendency, and the optimal solution set on the
Pareto front outperforms other non-dominated solution sets, ultimately outputting the
Pareto optimal solutions.

Figure 4 illustrates the performance optimization process for 12 selected Pareto optimal
solutions. The continuous lines from left to right represent each specific scheme, and the
vertical axis marks indicate the standardized values of that performance standard. The
distribution of fitness levels among the optimal solutions indicates that each solution
exhibits distinct performance characteristics. Some schemes emphasize indices related
to outdoor thermal comfort, while others focus on building energy consumption, yet all
display excellent overall fitness. Thus, the multi-objective optimization not only coordinates
various building performance goals but also highlights distinctive features compared to
other optimal solutions.

(b)

Figure 4. Pareto Chart of Optimal Solutions. (a) Pareto Front of the Entire Solution Set; (b) Pareto

Front of the Optimal Solutions.

Table 2 delineates the iterative process of multi-objective optimization across a set
of 650 optimal solutions. Initially, individual geometric parameters of the buildings are
uniformly set across gradients, as illustrated by the uniform crossing of lines in the early
segment of the line graph. During the mid-phase of optimization, after evaluating various
performance indices, solutions are comprehensively assessed across multiple dimensions.
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Non-dominant solutions are replaced by dominant ones. In the later stages, as the number

of iterations increases, the trend lines converge, indicating clustering. The optimal solution

set on the Pareto front (Pareto frontier) exhibits superior performance relative to other

non-dominated solution sets, culminating in the selection of the Pareto optimal solutions.

Table 2. Multi-objective optimization process.
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Table 2. Cont.

Optimization Results from Iteration 50 to Iteration 60
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Current Mutation Rate: 0.1000 Fitness of comfort: 14.01 Fitness of comfort: 14.12

Current Mutation Radius: 0.4000

Figure 4a,b depict the performance optimization process for 12 Pareto optimal solu-
tions with distinct morphological features. The continuous lines from left to right in each
figure represent individual schemes, with the vertical axes indicating the standardized
values of the performance standards. The fitness distribution of the optimal solutions
reveals significant differences in performance, with each scheme exhibiting distinct char-
acteristics. Some schemes prioritize indices related to outdoor thermal comfort, while
others focus on reducing building energy consumption, yet all demonstrate exceptional
overall fitness. Therefore, the multi-objective optimization not only reconciles multiple
building performance objectives but also distinguishes the optimal solutions in terms of
their distinct characteristics compared to other potential solutions.

3.2. Comparison of Performance Before and After Optimization

Figure 5a,b illustrate the distribution of the Universal Thermal Climate Index (UTCI)
and Predicted Mean Vote (PMV) before optimization. The original design scenario indicates
an annual average daytime UTCI ranging from 22.89 °C to 27.84 °C within a 500 m x 500 m
site, with an area-wide average UTCI of 10.10 °C. The minimum UTCI values are located
at the northern L-shaped corner of the building. The PMV simulation identifies thermal
sensations as follows: warm sensations constitute 20.04%, neutral sensations 34.69%, and
cool sensations 45.26%. The zones classified as thermally neutral are concentrated around
the building block but cover a small area, located 3-5 m from the building boundary and
accounting for 34.69% of the total site.

Figure 5c¢,d present the UTCI and PMV distributions following the optimization
process. Post-optimization, the UTCI values range from 9.11 °C to 10.46 °C during average
daytime, with a site average UTCI of 9.79 °C. According to the UTCI thermal comfort
scale, the average conditions are categorized as experiencing ‘no thermal stress’, showing
no significant change in average UTCI compared to the original design. However, the
area of thermal comfort has increased significantly from approximately 60% of the site
in the original design to about 75% in the optimized design. This expansion indicates an
improvement in the UTCI performance index. The PMV distribution after optimization
shows thermal sensations divided as follows: warm sensations at 18.37%, neutral at 35.80%,
and cool at 45.86%. The proportion of thermally neutral sensations has improved by 1.11%
compared to the original scenario.
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Figure 5. Distribution maps of UTCI and PMV before and after optimization. (a) The thermal comfort
distribution heatmap before optimization: Average UTCI: 10.10 °C; (b) The thermal sensation vote
distribution heatmap before optimization: Percentage of hot sensation: 20.04%, percentage of neutral
sensation: 34.69%, percentage of cold sensation: 45.26%; (c) Thermal comfort distribution heatmap
after optimization: Average UTCL: 9.79 °C; (d) The thermal sensation vote distribution heatmap
after optimization: Percentage of hot sensation: 18.37%, percentage of neutral sensation: 35.80%,
percentage of cold sensation: 45.86%.

The optimization of the design has enhanced thermal environment performance
indicators significantly over the original scenario. The increase in the area classified as 'no
thermal stress” and the improvement in the proportion of thermal neutrality highlight the
effectiveness of the optimization in increasing occupant comfort and the efficient use of
space with respect to thermal indices.

Table 3 presents the pre-optimization monthly building energy consumption data.
According to the simulation, the total energy consumption of the original design was
75.68 kWh/m? per year. This included 44.43 Wh/m? for cooling, 1.91 Wh/m? for heating,
31.14 Wh/m? for lighting, and 31.19 Wh/m? for equipment usage. Table 3 illustrates the
post-optimization energy consumption, where the total decreased to 62.88 kWh/m? per
year. The breakdown is as follows: cooling energy consumption significantly reduced to
8.79 Wh/m?, heating remained nearly unchanged at 1.87 Wh/m?, lighting was reduced to
21.31 Wh/m?, and equipment energy slightly increased to 31.91 Wh/m?.
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Table 3. Data Sheet of Building Energy Consumption before and after Optimization.

January February = March April May June July August September  October November December

Optimized Plan—Cooling 0.00 0.00 0.00 0.00 0.03 0.94 3.36 3.11 1.23 0.12 0.00 0.00
Optimized Plan—Heating 0.77 0.37 0.15 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.49
Optimized Plan—Lighting 1.80 1.64 1.87 1.67 1.87 1.79 1.74 1.87 1.74 1.80 1.79 1.74
Optimized Plan—Equipment 2.62 2.37 2.67 2.48 2.67 2.57 2.58 2.67 2.53 2.62 2.57 2.58
Original Plan—Cooling 0.00 0.00 0.00 0.00 0.03 1.18 4.45 4.12 1.53 0.13 0.00 0.00
Original Plan—Heating 0.78 0.38 0.15 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.49
Original Plan—Lighting 2.62 2.38 271 2.50 2.71 2.58 2.58 2.68 2.58 2.63 2.61 2.58
Original Plan—Equipment 2.67 237 2.68 2.52 2.69 2.61 2.59 2.67 2.54 2.67 2.58 2.62

Both schemes show similar trends in energy consumption, particularly for lighting
and equipment usage, which remain consistent throughout the months, ranging between
2.4 Wh/m? and 2.7 Wh/m? for equipment and 1.6 Wh/ m? to 1.9 Wh/m? for lighting. Heat-
ing energy consumption shows values from May to October, coinciding with the cooling
months set according to meteorological data. Notably, the optimized design significantly
reduces cooling energy consumption, especially in July and August, by approximately
1.1 Wh/m?. This reduction is attributed to the more complex building massing in the
optimized design, which creates self-shading effects that lower indoor temperatures and
reduce cooling needs during summer.

Table 3 illustrates the monthly total energy consumption and energy-saving efficiency of
the original and optimized schemes. The dual y-axis graph displays total energy consumption
on the left and energy-saving efficiency on the right. Bar charts represent energy consumption,
and line graphs depict the differences and percentage changes in energy consumption pre-
and post-optimization. For instance, the original scheme consumed 6.07 Wh/m? in January,
while the optimized scheme used 5.19 Wh/m?, achieving an energy-saving efficiency of
14.49%. The yearly energy-saving efficiency ranges from 14.49% in January to 20.16% in July,
with an average of 16.66%. The highest savings in July likely result from the self-shading
provided by the optimized architectural form, which is most effective during summer, as seen
in the seasonal analysis: Summer > Autumn > Spring > Winter.

This analysis demonstrates that the multi-objective optimization set for architectural
design enhances performance significantly over the original scheme, particularly in reduc-
ing energy consumption during peak cooling periods.

4. Discussion

The Pareto optimal solutions, compared with existing approaches, can significantly
improve the UTCI while simultaneously reducing the EUI level. The fitness of a solution
reflects its specific performance in a certain aspect. Since the optimization trend minimizes
the fitness of two performance indicators, the set of solutions distributed along the Pareto
front demonstrates better overall performance. The set of Pareto optimal solutions is shown
in Figure 6, where the range of the sum of the fitness for outdoor thermal comfort and
building energy consumption across the 16 optimal solutions is between 13.40 and 30.74.
Among them, the solution with the smallest total fitness sum is ID 1444, which has an
energy consumption fitness (Fitness of load) of 3.48 and an outdoor thermal comfort fitness
(Fitness of comfort) of 12.99. This solution features multiple building blocks that form an
enclosed central courtyard located on the east side. It can be observed that buildings with
a higher enclosure degree are more adaptable to cold climates, demonstrating stronger
performance in both outdoor thermal comfort and energy consumption.

However, there are still limitations in this study. (1) The HVAC system performance
was simplified in the simulation process, and the simulation method has not been validated,
which resulted in significant deviations in the energy consumption simulation values.
(2) The weight setting for energy consumption and thermal comfort was set to w = 0.5, butin
practical design, the weight coefficients for each performance aspect should be dynamically
adjusted based on real-world conditions and design requirements. (3) In reality, the building
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design process is complex, and building forms are often the result of a combination of
factors such as ideology, cultural spirit, and economic conditions. However, due to the
current limitations of simulation hardware and computational power, multi-objective
optimization cannot incorporate as many influencing factors into the objective functions
as desired, leading to discrepancies with real-world situations. (4) The core algorithm
for multi-objective optimization has been updated to NSGA-III, which has improved
optimization efficiency and results compared to NSGA-II. However, this study did not use

the latest multi-objective optimization technology for optimization.
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Figure 6. Pareto Front Solutions of Building Forms.

5. Conclusions

Computational generative design is an important topic in the context of the era of
performance enhancement. This study demonstrates the significant potential of multi-
objective optimization and generative design in architectural design. The Pareto optimal
solutions coordinate two primary optimization goals: “reducing building energy load” and
“improving outdoor thermal comfort for occupants”. These solutions can be applied to
the early-stage massing design and measurement of office buildings under a green and
health-oriented design approach. The results show that: (1) forms with higher enclosures
(three-sided or four-sided) are more suitable for office buildings in cold regions in terms
of both outdoor thermal comfort and building energy consumption; (2) compared with
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existing building designs, the Pareto optimal solution improves energy efficiency by 16.55%
over the course of the year under 2022 meteorological conditions, and the proportion of
outdoor thermal neutrality increases by 1.11%. The results indicate that the optimized
design can balance building energy load and outdoor thermal comfort, achieving a multi-
objective equilibrium, thus providing a specific workflow for similar engineering problems;
(3) building performance is affected by seasonal changes—the impact of the parametric-
generated building massing on energy consumption is most significant in the summer and
least significant in the winter.

The multi-objective optimization design workflow developed in this study is of great
significance for fine-tuned climate adaptation design in cold regions. This study uses real
meteorological data from cold regions as input conditions, with a simulation duration
for thermal comfort and building energy consumption covering an entire year, with time
accuracy set at 365 days/year. Future research could further explore the coordination of
different performance indicators (such as green health metrics, daylight comfort, building
operational costs, CO, emissions, etc.) in multi-objective optimization design for different
climate zones, such as the coordination of light and thermal environments in extremely
cold regions. Additionally, the research could analyze sensitivity analysis of multiple
performance indicators (e.g., the impact of building massing on outdoor thermal comfort)
and quantify the extent to which various sub-indicators influence the optimization results.
Further studies may also integrate machine learning techniques by training machine
learning models with optimal results from multi-objective optimization design to address
the long computation times associated with multi-objective optimization, thereby reducing
the difficulty of using such designs.

This study’s workflow proposes a multi-objective optimization design workflow for
office buildings. To enhance the applicability of this workflow, corresponding performance
evaluation indicators should be established for different building types (such as residential
areas, schools, kindergartens, nursing homes, libraries, etc.) and design intentions (such
as light comfort, carbon emissions throughout the life cycle, urban resilience, etc.). As
the evaluation indicators are further refined, the multi-objective optimization of building
forms will inevitably become more rational and objective, promoting the development of
the construction industry toward the optimization of the urban built environment driven
by big data.

The trend of using urban big data to assess the built environment is unstoppable,
and human-machine collaboration is bound to develop further. Therefore, how to use the
built environment evaluation system to improve the built environment in a high-quality
manner is a direction that needs to be researched in the future. Future research could
expand into thermal environment studies under extreme climates. Additionally, from the
perspective of smart cities, real-time camera observation data can be utilized to conduct
research on the correlation between building equipment and human behavior, with the aim
of achieving energy saving and emission reduction through controlled building equipment.
Finally, considering the perspective of healthy buildings, research can be conducted on the
matching between medical data and built environment data. By studying the correlation
and significance of the impact between medical data and the built environment, key points
for improving the built environment can be identified.
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Abstract: This systematic review outlines the application of thermoelectric generators
(TEGs) as energy sources in CubeSats. While CubeSats currently rely on solar cells with
efficiencies between 16.8% and 32.2%, their performance diminishes with increased dis-
tance from the Sun. TEGs, although used in radioisotope thermoelectric generators (RTGs)
for satellites, remain underutilized in CubeSats. A literature review revealed 33 relevant
articles, with 21.2% employing simulation software to evaluate thermal behavior. Among
34 patents, only one mentioned micro-TEGs, with most focusing on structural improve-
ments. Patent activity peaked between 2016 and 2020, emphasizing structural and thermal
optimization, but no patents addressed TEGs as energy sources for CubeSats, highlighting
a significant research gap. TEGs present a viable solution for harnessing residual heat

in CubeSats.
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1. Introduction

Since the launch of the TIROS-M satellite in 1970, satellites have played a vital role in
Earth observation, meteorology, and communication, providing essential services such as
weather monitoring and connectivity in remote areas [1,2]. However, the high production
and launch costs of traditional satellites have historically restricted their development to
major space agencies like the National Aeronautics and Space Administration (NASA) and

European Space Agency (ESA) [3].

Since its inception in 1958, NASA has undertaken manned missions and launched
communication satellites to enhance telecommunications and expand internet access. Sim-
ilarly, ESA, founded in 1975, has contributed to global internet and telecommunications
infrastructure through satellite launches and participated in scientific missions, such as the
Cassini and Huygens probes, which provided valuable data on Saturn and its moons. The
Soviet Union pioneered space exploration with the launch of Sputnik 1 in 1957, the world’s
first artificial satellite, marking the start of the space age and driving the development of

subsequent communication satellites [4-6].

Energies 2025, 18,173 https://doi.org/10.3390/en18010173
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Advancements in Micro-Electronics and Microsystems Technologies have enabled the
miniaturization of components, reducing costs and paving the way for SmallSats. These
compact satellites maintain key functionalities while minimizing size and weight, making
them an efficient and affordable option for LEO missions, significantly expanding access to
space technology [7,8].

The CubeSat, developed in 1999 by professors Jordi Puig-Suari (California Polytechnic
State University) and Bob Twiggs (Stanford University), is a standardized nanosatellite
with dimensions of 10 x 10 x 10 cm, weighing up to 1.33 kg, as shown in Figure 1. One of
its most notable advantages is the ability to be constructed entirely from COTS (Commercial
Off-The-Shelf) components, which ensures adaptability to various mission requirements
while maintaining low production costs. Additionally, its power consumption is minimal,
estimated at only a few watts [7]. This standardization of size, mass, and capacity aimed to
simplify satellite control and enhance payload flexibility, making it a popular choice for

nanosatellite missions, with launch costs typically ranging from $50,000 to $200,000 [9,10].
10x10x10 em
Dimensions of a

m 12U
oU
Cubesat
3U

1.33 kg ﬂ 20

Mass of a CubeSat U

Figure 1. Standardized structure of a CubeSat. Adapted from [11].

In economic terms, the cost-per-kilogram ratio of payload has become the primary cri-
terion for its transportation and launch, as the greater the amount of payload (in kilograms)
to be launched into space, the higher its cost. This ratio has proven advantageous compared
to traditional satellites, particularly for low-Earth-orbit missions, regarding construction
and assembly time [10,12].

Focusing on the power supply for the systems and subsystems that make up the
CubeSat, it is common to use photovoltaic solar cells as the main energy source, with
efficiencies ranging from 16.8% to 32.2%, depending on their construction. Despite being
widely implemented in space, these solar cells have the main disadvantage of specific
power generated, measured in watts per kilogram (W /kg). This power decreases rapidly
according to the 1/ R? relation, where R is the distance to the Sun [13,14].

Another possible unexplored solution to the use of solar cells is employing thermo-
electric generators (TEGs) as a power source for CubeSats. Their application in satellites
was already observed in [14]. Therefore, conducting research on the use of TEGs as a power
source for CubeSats could reveal a promising application for low-Earth-orbit (LEO) space
missions. Exploring this alternative could lead to significant advances in the feasibility of
space missions with nanosatellites, expanding the technological and scientific capabilities
of this sector.

TEGs and PVs are key energy sources for CubeSats, each with distinct advantages.
TEGs efficiently convert temperature differences into electricity, leveraging waste heat from
onboard systems and providing a reliable energy source in low-solar environments, such
as deep-space orbits. Their compact, lightweight design suits CubeSats” weight constraints,
although their conversion efficiency is relatively low (3.12-9.6%) [15,16]. PVs, on the other
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hand, achieve higher conversion efficiencies (16.8-32.2%) by directly harnessing solar en-
ergy, but their performance depends on consistent sunlight exposure and can be hindered
by shading or orientation issues. Together, these technologies offer complementary so-
lutions for diverse mission profiles. The comparative synthesis of the mentioned energy
sources is presented in Table 1.

Table 1. Comparison between TEGs and PVs.

Characteristic TEGs PVs
Principle Temperature Solar energy conversion
difference conversion
Efficiency 3.12-9.6% 16.8-32.2%
Wei Lower in relation to Higher in relation to
eight
generated power generated power
Dependency Constant heat source Solar exposure
Operates without sunlight; High efficiency in energy
Advantages utilizes residual heat; resistant to  conversion; greater performance
extreme conditions in the presence of sunlight

Dependence on sunlight;
Disadvantages  Low efficiency compared to PVs  reduced efficiency in shade or
improper orientation

Preliminary Studies

A preliminary search identified eight scientific articles related to the research topic.
Three focused on simulations using FEM software to analyze the thermal behavior of 1U
CubeSats, specifically the operating temperatures of internal devices. One article explored
the use of Thermoelectric Coolers (TECs) as temperature regulators for CubeSat hardware,
while two investigated the application of micro-TEGs and conventional TEGs as energy
sources for specific sensors in CubeSats. Additionally, two studies provided insights into
advancements in thermoelectric systems: one highlighted recent progress in the modeling
and simulation of thermoelectric power generation, emphasizing innovations in materials
and multi-physics modeling approaches, while the other introduced a novel thermoelectric
generator design incorporating stacked modules and dual heat pipes to enhance power
density and efficiency.

Concerning this, the study proposed by [17] evaluated the energy generation poten-
tial of TEG modules using temperature gradients from solar panels. They conducted a
numerical analysis to estimate temperature gradient variations in low Earth orbit, and the
resulting data were used in an experimental test bench to map the real-time generated
power. In conclusion, the experiment successfully reproduced the expected temperature
gradients, but there were data discrepancies when the TEGs reached temperatures above
35 °C due to a limitation of the TEG itself.

In [18], the research addressed the development and verification of a conceptual model
and an analytical model of the thermal controls of a 3U CubeSat, focusing on the study of
an Orbital Satellite for Investigation of the Response of the Ionosphere to Stimulation and
Space Weather (OSIRIS). The use of COMSOL Multiphysics to create FEM thermal models,
along with analytical calculations, was essential to determine the worst-case temperature
limits that the OSIRIS-3U might encounter during its mission. Additionally, a theoretical
understanding was developed for applying different types of TEGs aimed at capturing
residual energy in CubeSats. The results indicated that thin-film TEG devices provided
a higher power density compared to traditional TEGs; however, due to the low expected
temperature gradient in a CubeSat, the efficiency of these devices remained below 1%.
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Therefore, with the mass and cost constraints of CubeSats, the current TEG technology did
not seem viable for that application.

From this perspective, Ref. [19] presented a study evaluating the potential of using
TEGs as an energy source to power an Assistance System, which was based on ensuring
communication with a ground station or a service satellite, delivering data for maneuvers of
inactive spacecraft. To achieve this, it was necessary to analyze the electrical characteristics
of TEGs under space conditions to evaluate their potential for capturing residual energy
in spacecraft, as commercial TEGs were developed for use on Earth. As a result, the
analysis demonstrated that the proposed system was viable, with the necessary power
being provided by TEGs utilizing the thermal loads present within a satellite.

In parallel, given the proposed research topic, it is extremely important to understand
the thermal energy balance that occurs in a CubeSat, as the temperature distribution on the
equipment’s surface influences the TEGs’ energy generation. Within this context, Ref. [20]
focused on creating an accurate thermal model for the CubeSat MYSat-1, considering the
effects of various thermal sources in orbit. A detailed model was developed using Ansys
Workbench software and compared with CubeSatWizard, another MATLAB-based software
The simulation results were compared with maintenance data, showing an acceptable
difference of 0.45 °C in the CubeSat’s average temperature between real data and the model
results. However, on hot days, that difference was more significant, reaching 14 °C.

A study conducted by [21] involved the analysis of thermal simulations in a 1U
CubeSat to ensure the electronic devices operated within their limits. Additionally, the
study aimed to demonstrate that numerical simulations could be used to predict and
optimize the temperature distribution of the space system before its construction. Ansys
Icepak and Thermal Desktop software were used under LEO conditions. In conclusion,
there was no overheating of the components under terrestrial hot-face conditions, as they
were low-power devices. However, the study warns that in the near future, electronics
were likely to continue developing while adding more power and functionality to devices.
Therefore, thermal control would be necessary to ensure system reliability.

Another study proposed by [22] addressed the thermal simulation of a 1U CubeSat
using COMSOL Multiphysics software Their objective was to simulate the impact of
the inclination angle (beta angle) of the CubeSat on the temperature distribution of the
nanosatellite, which describes the equipment’s position relative to the solar vector. To
investigate this parameter’s effect, a set of simulations was performed for different beta
angles. The simulations showed that the larger the beta angle, the greater the nanosatellite’s
exposure to prolonged solar heating, implying longer periods of both direct solar radiation
and Albedo radiation.

In [23], the authors highlight significant progress in thermoelectric generator (TEG)
systems, focusing on innovations in modeling techniques—analytical, numerical, and exper-
imental—and advancements in materials like bismuth telluride, known for superior energy
conversion properties. They explore the integration of Computational Fluid Dynamics
(CFD), using COMSOL Multiphysics, with thermoelectric modeling to enhance simulation
accuracy and presents practical applications, such as using TEGs to convert waste heat into
electricity in automobiles, demonstrating improved energy efficiency even under variable
conditions. Their research also addresses ongoing challenges, such as the need for more
efficient materials and the integration of TEGs into complex systems, suggesting future
investigations into novel thermoelectric materials and multi-physics models that account
for phenomena like thermal conduction and electromagnetic conversion.

Lastly, Ref. [24] presents an innovative thermoelectric generator (TEG) design that
utilizes stacked thermoelectric modules (TEMs) and dual heat pipes to significantly en-
hance power density, achieving up to 48.22 W/L in experiments, with a prototype output
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of 848.37 W. The use of dual heat pipes improves heat transfer efficiency between heat-
ing/cooling sources and the TEMs’ hot/cold sides, enabling greater integration of TEMs
in compact spaces. The study also highlights the adaptability of the design by modifying
the number of layers in the stacked structure for diverse applications. Furthermore, it
discusses the role of topological optimization and finite element modeling to simulate
TEG performance, with experimental results validating the approach and demonstrating
substantial efficiency improvements.

The data from the studies are essential for understanding the current limitations and
future potential of TEGs. Advances in modeling combined with the development of new
materials hold great promise for significantly enhancing the efficiency and applicability of
thermoelectric systems. These improvements could make TEGs a viable option for various
applications, including space exploration, where harnessing waste heat is critical for energy
generation in resource-constrained environments.

This research aims to identify the application of TEGs as a power source for the Elec-
trical Power System (EPS) of a 1U CubeSat operating in LEO. By mapping their application
against existing technologies, the study seeks to address the gap in the use of TEGs in space
missions and explore their potential for nanosatellite energy optimization. To achieve this,
a systematic state-of-the-art review was conducted to identify the scientific literature and
intellectual property (IP) related to EPS power sources, complemented by bibliometric anal-
yses of the Bibliographic Portfolio (BP) and Patent Repository (PR). Connections between
the datasets were further explored using Vosviewer software 1.6.20.

Initial research underscored the limited exploration of thermoelectric generators
(TEGs) in nanosatellites, despite their widespread application in terrestrial industries
such as automotive and manufacturing. This underutilization highlights a promising op-
portunity for LEO missions, particularly in leveraging TEGs as alternative power sources.
Notably, the only prior use of TEGs in satellite applications involves radioisotope ther-
moelectric generators (RTGs). RTGs have been indispensable for NASA missions where
solar power is impractical, such as in deep-space exploration. Often referred to as “nu-
clear batteries”, RTGs have powered over 25 U.S. space missions since their debut in 1961,
serving as a cornerstone of NASA’s longstanding collaboration advancing space power
systems [13].

A patent analysis identified only one direct application of TEGs for specific subsystems,
neglecting geometric optimizations that could improve the watt-per-kilogram payload
ratio of nanosatellites. The highlights of this study include:

e  Scientific and industrial impact: TEGs can improve the energy efficiency of nanosatel-
lites by increasing the W /kg payload ratio, enhancing power availability during
low-Earth-orbit phases.

¢ Unexplored technological approach: the research addresses gaps in the application
of TEGs as power generators for nanosatellites, utilizing temperature gradients from
the space environment.

e  Utilization of waste heat: TEGs harness waste heat generated by internal compo-
nents or external space conditions, offering a novel approach to energy utilization
in nanosatellites.

¢ ProKnow-C methodology: application of the ProKnow-C systematic method for
mapping scientific and industrial developments related to TEGs as energy sources
for CubeSats.

The study contributes to addressing this gap by investigating and analyzing key
academic and industrial trends in the aerospace sector. While thermoelectric devices have
primarily been used as temperature regulators for CubeSats, this research emphasizes their
potential as energy sources, focusing on waste heat utilization and geometric optimization.
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The results aim to enhance the performance of CubeSats, increase their power efficiency,
and support future advancements in nanosatellite technology.

The article is structured into four sections. Section 1 contextualizes the topic, defines
the general objective, and outlines the expected results and scientific contribution. Section 2
details the methodology, using the ProKnow-C method for a systematic review to select
the Bibliographic Portfolio (BP) and Intellectual Property search, with a comprehensive
bibliometric analysis of publications, patents, authors, and inventors, as well as the rel-
evance of articles and patents. Section 3 provides a comparative analysis between the
scientific portfolio and IP, utilizing Vosviewer software to examine the relationship between
academic research and industrial patents. Section 4 concludes the study, summarizing the
analyses and suggesting directions for future research.

2. Systematic Review

According to [25], a literature review aims to establish a line of reasoning that assists
researchers in formulating hypotheses on the topic. Furthermore, a systematic review is
essential for answering research questions, highlighting the main topics covered. This
process aims to ensure a comprehensive and in-depth understanding of the subject.

In this context, the process of a systematic review is illustrated by the flowchart in
Figure 2. Its organization involves a preliminary search for documents related to the topic
to be investigated. These documents form a PDB, which should be studied to ensure
alignment with the topic. Subsequently, the most common KWs should be extracted and
combined, resulting in the main terms that will be used as references for creating the BP
and PR. A general study of the obtained documents is conducted to ensure their relevance
to the most pertinent information for investigating the proposed topic.

In this research, the scientific literature review addressing the utilization of resid-
ual heat for energy generation from TEGs as a power source for the EPS of a CubeSat
was conducted using the ProKnow-C methodology, “Knowledge Development Pro-
cess Constructivist”.

According to [26,27], using this methodology as the primary tool to structure the
BP aims to ensure its methodological foundation, based on the topic of interest, while
considering the delimitations and restrictions of the articles that compose this portfolio.
This establishes its scientific relevance and alignment with the research topic, based on the
axes composed of combinations of KWs.

Preliminary Stage Stage 1

-

Define research Conduct Literature | B0 08
topic. Review C Method

Conduct Bibliographic Patent
preliminary search Portfolio Repository
on the fopic. (BP) (PR)

Preliminary
Document -
Database ! Read the dmf e
(PDB). documents. research.

\
\

Read the PDB.

Are rhex
aligned?

Capture main
Keywords (KWSs).

Stage 2 Stage 3

Figure 2. Basic process for conducting a systematic review.
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The selected articles undergo a validation of the KWs through a verification of those
present in the articles and are subsequently subjected to a bibliometric and systemic
analysis. These steps form the primary stage of the ProKnow-C process, which consists of
the following stages: selection of the BP; bibliometric analysis of the BP; Systemic analysis
of the BP; and research question, as shown in Figure 3.

Chosen research topic.

Definition of Define KWs for Define combinations
research axes. each research axis. o S.

Incorporate new KWs

Are initial KWs

Search in DB and p
: Reading and
L1, selection of  —» -
|| scientific articles. testing of KWs.
1

Figure 3. ProKnow-C methodology process.

2.1. Selection of the Bibliographic Portfolio

As an initial step in the execution of the ProKnow-C method, the selection of the
BP is carried out through a systematic search for scientific materials, primarily in reliable
databases [28]. For the present research, the chosen data sources were the WoS database,
which generates the JCR and determines the impact factor of its journals, the Scopus
database, which uses the SJR as its impact factor, and the SD database.

After selecting the DBs, the axes and KWs to be used for queries in these databases
were defined. To clearly and comprehensively present the ProKnow-C procedures, the
selection of the BP was organized into four axes within the proposed topic: Axis 1: internal
and external temperature and structure of a nanosatellite; Axis 2: power sources and EPS of
a nanosatellite; Axis 3: concepts of TEGs and their application in space; and Axis 4: thermal
analysis in nanosatellites.

The combination of KWs for each axis was performed using logical expressions “and”
and “or”. Additionally, since the research area of this work focused on space conditions and
the electronic systems of a nanosatellite, a category filter available in both DBs was applied,
such as aerospace engineering, electrical/electronic engineering, mechanical engineering,
and thermodynamics for WoS, and engineering for Scopus and SD.

The results of each query are displayed in Table 2, with a space-time delimitation over
a period of 24 years. This time frame was defined based on the advancement of research
that occurred from the year 2000 onward [1].

The PRAD, initially containing 1554 documents, was imported into the Mendeley
bibliographic management tool [29]. After importing all the DBs into the software, it was
verified whether all files from the export process were stored. This step was necessary
because some titles may not have been exported due to unavailability in the desired
format [30]. To address this issue, a manual search for the articles in the DBs can be
performed. However, this process was not conducted at that stage.
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Table 2. Results of the searches conducted in the DBs.

Database WoS Scopus SD
Axis 1
(CubeSat or Nanosatellite) and (Design or Structure) 312 157 10
(Temperature or Thermal) and (Internal or External) o7 3 80
and (Nanosatellite or CubeSat)
(“Finite Element analysis”) and (“Thermoelectric
Devices” or “Thermoelectric Generators” or “TEG”) 1 0 0
and (CubeSat)
Axis 2
(“Power Supply” or “Source”) and (Nanosatellite) 188 156 90
Axis 3

(“Thermoelectric Generators” or “Thermoelectric

Generator” or “TEG”) and (Principles) 109 27 235
(“Thermoelectric Generators” or “Thermoelectric 2% 25 50
Generator” or “TEG”) and (“Space Applications”)

Axis 4
(CubeSat or Nanosatellite) and (“Thermal design” or 17 1 15
“Thermal Modeling”)
Preliminary Raw Articles’” Database (PRAD) 1554

As aresult, the RAD contained 1309 titles, representing a loss of 15.76%. Subsequently,
filtering actions were carried out to verify if the articles aligned with the proposed topic to
obtain the K and P repositories, as described in the flowchart in Figure 4 [31]. At the end,
175 articles were obtained, whose citation numbers were verified on Google Scholar on 23

Scientific No

Recognition?,

January 2024.
A N L P A N
ey Redundancy Filter of the PRAD \ II Scientific Recognition of the RAD

o wel 1

< a5 PRAD Imported Removal of ! : . Determine Number of

E into Mendeley Duplicate Articles : Citations on Google Scholar
: ! Is there
1
I
/

Articles Excluded _*

Create Spreadsheet with
Articles by Participation
and Citation [%]

_________________________ .
RAD - 1,155 Articles INon-Duplicates - NDf

(Desired Reg:rese)ntativeness
85%

1

Repository K Repository P 1
34 Articles 141 Articles :

[}

1

I

1

e

Non-Duplicates - ND | READ - 175 Articles

Aligned with the Theme - AT

Confirmed Scientific Unconfirmed Scientific
Knowledge Knowledge /
__________________________ P N e e e e —————

Figure 4. Initial filtering process for aligning titles with the proposed theme.

The organization of these articles was defined such that the citations were in de-
scending order. Additionally, the minimum scientific representativeness criterion adopted
followed the Pareto principle, which states that, in many phenomena, 80% of results
or consequences are produced by 20% of their causes [32]. In this work, the adopted
representativeness was 85%.

Using algorithms developed in Python, Repository K was composed of 34 articles with
a cutoff value of 49, demonstrating proven scientific reliability. These articles represented
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85% of the total citations, being cited 49 or more times. Conversely, Repository P consisted
of 141 articles of lower academic relevance and without proven scientific reliability, divided
between 104 journals with 1 to 48 citations and 37 without citations. Due to the number
of articles in both repositories, the procedures established by [27] were automated using
Python algorithms. These steps included verifying the thematic alignment of the articles,
creating the AD, and validating it with articles from Repository P. Figure 5 illustrates
a flowchart of the executed procedures, also presenting the final activity counts for the

T ~
[ Create Author
Titles 1 Database (AD)
Aligned with 1
he Topic2~" Yes 1 -
21 Articles U Repository A
N \

0
13 Articles

composition of Repository C.

Reading abstracts

——

Repository K
34 Articles

Repository C
Bibliographic
Portfolio (BP)
39 Articles

Is the
author in
the AD?

Repository P

1
1
1
1
1
1
1
Repositorios :
1
1
1
1
1
141 Articles :

Repository B

Figure 5. Process of analyzing Repositories K and P, resulting in Repository C.

In the end, Repository C was created by merging Repositories A and B, containing
39 articles that constituted the final BP, ensuring verified academic relevance and alignment
with the researched topic. Each article in that portfolio was verified for availability through
the CAPES portal or free access on the internet. As a result, 6 articles were excluded, totaling
33 articles in the BP. After these analysis procedures, the selection of that BP represented
2.12% of the initial 1554 articles. The 33 articles, ordered in descending order by the number
of citations, are listed in Table 3.

Table 3. Presentation of the thirty-three articles that compose the Bibliographic Portfolio (BP).

Reference BP Article Citations
33] Thermoelectric generators: A review of applications. 1185
Energy Conversion and Management, 140, 167-181.
[34] Recent development and application of thermoelectric 762

generator and cooler. Applied Energy, 143, 1-25.
CubeSat evolution: Analyzing CubeSat capabilities
[3] for conducting science missions. Progress in 534
Aerospace Sciences, 88, 59-83.
Survey of worldwide pico- and nanosatellite missions,
[35] distributions, and subsystem technology. Acta 493
Astronautica, 67, 854-862.
Safe radioisotope thermoelectric generators and heat
[36] sources for space applications. Journal of Nuclear 260
Materials, 377, 506-521.
Review of wearable thermoelectric energy harvesting:
[37] From body temperature to electronic systems. 245
Applied Energy, 258, 114069.
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Table 3. Cont.

Reference

BP Article

Citations

(38]

(39]

(15]

[40]

[41]

[42]

[7]

[43]
8]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

[12]

[51]

Review of Micro Thermoelectric Generator. Journal of
Microelectromechanical Systems, 27, 1-18.
Thermoelectric generator (TEG) technologies and
applications. International Journal of Thermofluids,
9, 100063.

Thermoelectric Generators: A comprehensive review
of characteristics and applications. Applied Thermal
Engineering, 201, 117793.

Review of thermoelectric geometry and structure
optimization for performance enhancement. Applied
Energy, 268, 115075.

OpenOrbiter: A low-cost, educational prototype
CubeSat mission architecture. Machines, 1.

A review of the state-of-the-art in electronic cooling.
E-Prime—Advances in Electrical Engineering,
Electronics and Energy, 1, 100009.

Small satellites and CubeSats: Survey of structures,
architectures, and protocols. International Journal of
Satellite Communications and Networking, 37,
343-359.

Thermal design and analysis of a nanosatellite in low
earth orbit. Acta Astronautica, 115, 247-261.

CubeSat design for LEO-based Earth science missions.

IEEE, 435-445.

Parametric study of a thermoelectric module used for
both power generation and cooling. Renewable
Energy, 154, 542-552.

Evolutionary design of a satellite thermal control
system: Real experiments for a CubeSat mission.
Applied Thermal Engineering, 105, 490-500.
Parametric study of heat-transfer design on the
thermoelectric generator system. International
Communications in Heat and Mass Transfer, 52,
97-105.

A review of battery technology in CubeSats and small
satellite solutions. Energies, 13.

On-Orbit Thermal Design and Validation of 1U
Standardized CubeSat of STEP Cube Lab.
International Journal of Aerospace Engineering, 2016.
Analytical investigation of a nanosatellite panel
surface temperatures for different altitudes and panel
combinations. Applied Thermal Engineering, 75,
1076-1083.

Experimental Feasibility Study of Concentrating

Photovoltaic Power System for CubeSat Applications.

IEEE Transactions on Aerospace and Electronic
Systems, 51, 1942-1949.

Enabling Science with CubeSats—Trends and
Prospects. IEEE Journal on Miniaturization for Air
and Space Systems, 3, 221-231.

Progress and perspectives in thermoelectric
generators for waste-heat recovery and space
applications. Journal of Applied Physics, 134.
doi:10.1063/5.0166338

219

201

151

145

109

102

101

96

95

85

66

59

56

55

49

29
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Table 3. Cont.

Reference BP Article Citations
[52] Modelling CubeSat Structure for Thermal Analysis. 1
53] Chassis Optimization of a 1U CubeSat made in a 0
developing Country. 2022-September.
Thermal modelling of a small satellite data processing
[54] unit aided by sensitivity analysis and uncertainty 0

quantification. International Journal of Thermal

Sciences, 193, 108514.

[55] Numerical Simulation of Thermoelectric Based 0
Temperature Control system for CubeSat in Space.

Project Irazti: Space and Ground Systems Engineering

of a 1U CubeSat Store and Forward Mission for

[56] Environmental Monitoring. Transactions of the Japan 0
Society for Aeronautical and Space Sciences, 66,
217-225.
Space missions in South America: Profile and

[57] evolutionary perspective of their development. Acta 0

Astronautica, 206, 9-17.

[20] Temperature Distribution of CubeSats Using Finite
Element Method. 2022-September.

[58] Thermal design and analysis of JZ]-5 CubeSat. 0

Morazdn MRZ-SAT CubeSat: Thermal Modelling and

Analysis Guide for Academic CubeSat Missions.

Proceedings of the International Astronautical

Congress, IAC, Vol. 2022-September.

[59]

Among the 33 articles that composed the BP, 7 (21.21%) were conference papers
focused on the structure, designs, and missions of nanosatellites. Additionally, 18 (54.54%)
aimed to present both the historical and scientific development of nanosatellites and their
power systems, such as the EPS, as well as their numerical-computational modeling focused
on thermal analyses at LEO altitudes, covering the range of 400 to 1500 km from Earth.
Lastly, eight (24.24%) presented concepts and applicability of TEGs in terrestrial situations.

2.2. Bibliometric Analysis

The bibliometric analysis of the BP assists both in developing the theoretical framework
on the topic and in accounting for the scientific recognition variables of the articles, authors,
journals, and KWs [26,27]. Therefore, based on the data provided by the DBs, several
combinations of the information that comprise each article are evaluated, such as the
number of citations, author of each publication, year of publication, journal published,
among others.

2.2.1. Citation Analysis of the Bibliographic Portfolio

The initial analysis of the 33 articles that composed the BP was structured according
to the year of publication and academic relevance within the stipulated period. Figure 6a
illustrates the historical distribution of the number of annual publications along with their
cumulative frequency.

From this analysis, it is observed that more than half of the publications were concen-
trated between the years 2020 and 2023. This was confirmed by the graph presented in
Figure 6b, which shows the number of annual citations that the BP contained and demon-
strates the increase in the density of recent publications. Therefore, it was possible to assert
that the proposed research topic was on the rise in recent years.
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Figure 6. Distribution of (a) articles and (b) citations over the years.
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2.2.2. Author Recognition

Another important analysis for determining the academic relevance of the BD, in
addition to the annual publication of articles, is the recognition of the authors related
to the proposed topic. In this case, a total of 138 authors were identified. Despite the
number, it was found that 133 authors (96.38%) were present in only one publication, while
only 5 authors (3.62%) had two publications. This distribution of the number of authors
per article is illustrated in Figure 7a, which shows that even with the number of articles
produced between 2020 and 2023, there were still not many branches of the proposed topic.
Furthermore, considering that the BP included both articles that studied TEGs in
terrestrial conditions and in nanosatellites, Figure 7b shows the relationship of the most

Year of Publication

(b)

relevant authors to the BP research topic with 100 or more citations.
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Figure 7. Distribution of (a) the number of publications per author and (b) the number of citations
per author.

2.2.3. Relevance of Articles and Keywords

The relevance of the articles, in terms of the publication medium and the manner
in which they are presented to the academic community, whether through journals or
conferences, aims to align both the articles that compose the BP according to the journal in
which they were published and to present their publication frequency.

With a total of 33 articles, it was identified that 7 (21.21%) of these were conference
papers presented in journals such as IEEE Journal on Miniaturization for Air and Space
Systems, ResearchGate, and IOPScience. The remaining 26 (78.78%) were journal articles
published in various journals, with Acta Astronautica, Applied Energy, and IEEE Journal on
Miniaturization for Air and Space Systems being the most prolific, each representing 11.54%
of the total articles. However, the journal Energies stood out as a promising venue for
disseminating knowledge on the proposed topic, offering a suitable platform for advancing
research in this field. The described results are illustrated in Figure 8.
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Figure 8. Scientific Relevance of the articles composing the BP and their published journals.

A total of 167 distinct KWs were identified in the academic works of the BP, with
112 (67.07%) observed only once, and 55 (32.93%) two or more times. The study of KWs
helped identify which terms are most frequently used in the BP, ensuring their alignment
with the proposed topic. The list of the top 30 most frequent KWs among the articles is
presented in Figure 9.
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Figure 9. Representation of the 30 most frequently used KWs in the BP.

Even though the term “Thermoelectric” was the most frequently used in the BP,
the terms “CubeSat” (second) and “Thermal” (third) held significant relevance in this
KW analysis. Despite their individual positions, combined, they totaled 30 occurrences
(17.96%), indicating their high usage in combination (or separately) for studies related to the
proposed research topic. Additionally, among the 30 most cited KWs, terms like “Finite”,
“Element”, “Numerical” and “Thermoanalysis” suggested the use of computational tools
applied to the problem of thermal simulations in nanosatellites.

2.2.4. Analysis of the Bibliographic Portfolio

The BP consisting of 33 articles, it was essential to verify articles that reviewed the
literature on the proposed topic, as well as those that aided in its development. These
served as a basis for defining the connection between technological progress made in
this area.

Therefore, to automate the process of capturing review articles, algorithms were
developed in the Python programming language, along with Microsoft Excel spreadsheets,
to identify the term “review” in the titles of the articles in the BP and separate them
from the research articles. The distinction between research articles and review articles
had to be made with the aim of identifying (i) if there had already been any review or
application of TEGs within the proposed theme and (ii) if there were any research articles
that had conducted an in-depth study on the application of TEGs in CubeSats as a primary
energy source.

In total, seven (21.21%) review articles were identified, of which six (85.71%) presented
reviews of concepts, applications, and innovations related to TEGs, while one (14.29%)
presented a review of CubeSat batteries, as described in Table 4.

Table 4. Review Articles Ordered by Number of Citations.

Reference Brief Description Citations

Presents advancements in TEG production in terms of design

and optimization, as well as classification and industrial ap- 1185
plications. Additionally, it addresses improvements in the

figure of merit (ZT), increased operating temperatures from

high gradients, and the use of low-cost materials.

Focuses on generally describing the use of TEGs to harness

[37] residual heat from the human body, highlighting the potential 245

to power accessories and technological devices.

(33]
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Table 4. Cont.

Reference Brief Description Citations

Explores the application of micro-TEGs as an economical and
[38] competitive alternative to traditional TEGs in areas such as 219
medicine, electronic devices, and the Internet of Things (IoT).
Consists of a literature review on TEGs in the current energy
market, aiming to present their potential and applications.
Additionally, it delves into the development of TEGs using
simulation software for various industrial sectors.
Discusses issues related to the geometry and optimization of
[40] thermoelectric device structures, focusing on enhancing their 145
potential and mechanical performance under stress conditions.
Reviews current thermal management methods for electronic
devices, highlighting active cooling. It covers techniques such
as direct cooling, air jet, immersion, and contact. Additionally,
it emphasizes the use of TEGs for contact cooling.
Conducts a review of battery technologies in CubeSats, illus-
trating the most commonly used types and their operating
[47] conditions. It also presents possible solutions to enable their 56

use in space, considering environmental conditions, tempera-

ture, and mission requirements.

[15] 151

102

As identified, the set of review articles predominantly highlighted the advancements
and applications of TEGs in terms of their design, optimization, and materials, as well
as their widespread application in industrial and workplace environments, such as in
electronic devices, IoT applications, and in the medical field, particularly for harnessing
human residual heat for cardiac measurement devices, as highlighted by [33,37].

Other studies, such as those presented by [15], focused on literature reviews of the
development and potential applications of TEGs, including the capture of residual heat
from satellite dishes, hybrid systems with solar cells, heat sinks, and more. Notably, the
text discussed the application of TEGs for deep space exploration missions, specifically
describing the use of RTGs in satellites and their importance in thermal management.

There were discussions on structural challenges of thermoelectric devices under stress
conditions, addressed by [40], and reviews of thermal management techniques in electronic
devices, as mentioned by [42].

To conclude, Ref. [47] investigated the key technologies employed in CubeSats’ bat-
teries, identifying the main challenges associated with their use in space conditions and
proposing possible solutions to optimize their efficiency given the limitations imposed by
operational temperatures.

As presented, the review articles extracted from the BP indicated a gap in systematic
review research regarding the application of TEGs as an energy source for CubeSats,
with a primary focus on their implementation in terrestrial environments. Therefore,
this work aims to fill this gap by detailing a systematic review of the scientific literature
and recent industrial advancements in the aerospace sector concerning energy sources
for nanosatellites.

The 26 research articles present in the BP were subdivided into three main themes:
history, applications, and development of CubeSats, representing 8 (30.77%) articles; design
and thermal analysis of CubeSats, comprising 13 (50.00%) articles; and finally, 5 (19.23%)
articles that present studies and principles of TEGs. The articles are described in Table 5.
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Table 5. Research Articles Ordered by Number of Citations.

Reference

Brief Description

Citations

(34]

3]

(35]

(36]

(39]

[41]

[7]

[43]

8]

[44]

[45]

[46]

Reviewed thermoelectric materials and their practical
applications, highlighting existing technical barriers
and proposing new research topics.

Reviewed CubeSats’ state-of-the-art capabilities,
focusing on scientific missions, and evaluated their
potential for enabling high-quality, low-cost
scientific missions.

Provided a detailed analysis of the most common
technologies in nanosatellites and picosatellites,
covering launch history, topologies, purposes,
systems, subsystems, and applications.

Presented a historical review of radioisotope
thermoelectric generators (RTGs) and their conversion
mechanisms, providing information to enable a direct
comparison with alternative isotopic systems.
Thoroughly analyzed the operating principles,
applications, and materials used in TEGs.
Additionally, it provided examples of simulations
using software such as COMSOL Multiphysics

and ANSYS.

Described the CubeSat OpenOrbiter’s structural
aspects and program objectives, focusing on
requirements, constraints, high-level architecture, and
design for small satellites.

Provided an overview of CubeSats, their systems and
subsystems, main missions and objectives, and
potential future challenges. Additionally, it classified
topologies and protocols necessary for launches.
Presented the optimization process in the thermal
analysis of a 1U CubeSat, setting boundary and
environmental conditions. Developed and applied a
MATLAB algorithm to compare results with
ESTAN-TMS software.

Detailed the design and hardware/software
architecture of internal systems for two 1U CubeSat
missions: a combined probe/DC plasma impedance
system on two satellites and two CubeSats for GPS
scintillation measurements.

Developed a numerical model to predict the
performance of a thermoelectric device as both a TEG
and TEC, considering height, cross-sectional area,
number of pairs, and ceramic plate’s

thermal conductivity.

Used a genetic algorithm to explore material
combinations for 3U CubeSat coatings to meet
operational temperature requirements, validated
through FEM thermal simulation.

Described a high-performance platform combining
heat transfer and thermoelectric conversion.
Analyzed how different operating conditions affected
TEG energy production using a metal pin array with
forced convection.

762

534

493

260

201

109

101

96

95

85

66

59
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Table 5. Cont.

Reference

Brief Description

Citations

(48]

[49]

(50]

(12]

[51]

(52]

[54]

(58]

(20]

[57]

[56]

[55]

Represented the development of the thermal design
for the thermal control subsystem of the STEP Cube
Lab and its validation through thermal vacuum tests,
in order to estimate the thermal behavior of

the components.

Conducted a thermal analysis of a 1U CubeSat in LEO,
focusing on passive thermal control to ensure proper
component operation using different surface coatings.
Proposed the use of a CPV system, or Concentrating
Photovoltaic system, in a 1U CubeSat to improve
energy generation efficiency by converting the energy
provided by the Sun’s light intensity and
concentrating it onto the solar cells using lens arrays.
Provided an overview of CubeSats as scientific
platforms, highlighting their potential and challenges,
focusing on communication systems and efficient
space utilization with integrated or

shared components.

Discussed the current state and advancements in
thermoelectric technology for use in next-generation
RTGs and in waste heat recovery applications using
TEGs, excluding the discussion of material property
optimization strategies.

Analyzed different materials in transient and
steady-state regimes of a 1U CubeSat to select the
most suitable ones according to the

specified temperatures.

Conducted a global sensitivity analysis to identify key
elements limiting heat transfer in a 1U CubeSat’s data
processing unit, followed by an uncertainty analysis
for the temperatures of crucial electronic components
and the radiator surface.

Introduced the thermal control design of a 3U
CubeSat, calculated the temperature field under
various conditions using FEM, and compared in-orbit
temperature data with thermal simulation results.
This study validated FEM models on the CubeSat
using real data from MYSat-1, developing a thermal
model in ANSYS to ensure safe CubeSat operation.
Proposed a comparative study of South American
space programs using an adapted Wood and Weigel
model, evaluating their evolution over the past three
decades and providing a comparative view of ten
regional programs.

Described the Iraza Project and its development, in a
superficial manner, related to a 1U CubeSat for
environmental monitoring, focusing on biomass
estimation and carbon dioxide fixation in a
fast-growing tree plantation.

Conducted a detailed simulation of a TEC-based
thermal control system for a CubeSat in a 300 km
circular orbit, evaluating the feasibility and
performance of TECs under extreme conditions.

55

49

29
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Table 5. Cont.

Reference Brief Description Citations

Explained the thermal environment in low Earth orbit
for MRZ-SAT and described computational thermal
[59] modeling for this 1U CubeSat using finite element 0
algorithms, serving as an initial guide for beginners in
CubeSat thermal analysis and modeling.
Described the structural optimization of the Morazdn
Satellite (MRZ-SAT) chassis, an award-winning
[53] project for natural disaster early warning. Compared 0
three structural patterns to achieve the lightest and
most rigid design.

Several studies focus on the structure and development of CubeSats, covering topics
from thermal analysis to system control and optimization. Works like [43], which presents
optimization processes for thermal analysis in CubeSats, and [8], which details hardware
and software architecture in specific missions, are fundamental for understanding key
CubeSat concepts. Additionally, studies like [45] use genetic algorithms to explore different
material combinations that meet the satellites” thermal needs, while [49] and [20] focused
on both passive thermal control requirements and the validation of thermal models using
real CubeSat data, demonstrating the practical application of theories and models in real
operational contexts.

These studies, along with the analysis of specific projects like the Irazt Project detailed
by [56], and the Morazan-Sat Project explored by [53,59], exemplify the structural optimiza-
tion of nanosatellites intended for specific monitoring functions. These functions include
verifying CO, emissions and implementing early warning systems for natural disasters.

For research on thermoelectric devices, notable works include those by [36,51], which
offer a historical review of RTGs to compare them with alternative isotopic systems and
discuss recent advances in the field, presenting new approaches to optimizing thermo-
electric material properties for the next generation of RTGs. Ref. [39] delves into the
operating principles of TEGs through simulations based on FEM analyses. Additionally,
Ref. [44,46] develop models to predict the performance of thermoelectric devices under
various conditions, highlighting the crucial role of these technologies in energy efficiency
and the sustainability of space operations.

Studies by [12,57] describe the potential of space programs, focusing particularly on
CubeSats and the evolution of space programs in South America, respectively. The first
highlights the versatility of these nanosatellites as scientific platforms, emphasizing their
challenges and potential for future space missions, with special attention to communication
systems and the optimization of satellite internal space usage. The second study employs
an adaptation of the Wood and Weigel model to conduct a comparative analysis of the
progress of South American space programs over three decades, offering a comprehensive
perspective on regional development and trends, illustrating how these initiatives have
expanded and evolved in response to different technological and geopolitical challenges.

Lastly, it is important to note that, although 8 (30.77%) of the 26 research articles
were not cited, they are highly relevant to this research due to their direct influence
on the applicability of TEGs in CubeSats. For example, Ref. [55] present a study on
the use of TECs in nanosatellites for temperature control under extreme conditions.
Additionally, Ref. [20,58] focus on the modeling and thermal analysis of CubeSats to define
temperature limits, directly influencing the operation of internal components. These studies
are fundamental to this work, as the study of TEG application in nanosatellites depends
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entirely on the temperature gradient to which the satellite’s face is subjected. Therefore,
these studies cannot be disregarded.

In summary, the reviewed articles do not directly discuss the application of TEGs in
nanosatellites, reinforcing a potential connection between thermoelectric technology and
innovations in energy sources for small satellites. Future exploration in this field could
open new avenues for space exploration and energy supply for nanosatellite missions.

Specifications and Boundary Conditions of CubeSats

This section aims to extract and present the main information that establishes both
the specifications of CubeSats and the boundary conditions of the proposed topic, as
found in the research articles of the BP. After reviewing the 26 articles, it was identified
that the 13 articles focusing on the design and thermal analysis of CubeSats provided
fundamental parameters for the research methodology, such as structural material, power
source, number of PCBs, and others. Of these, only 11 are presented in Table 6, as they
provide all the necessary information to establish the boundary conditions and appropriate

structures for the application of TEGs as a power source in CubeSats.

Table 6. Structure, devices, specifications, and boundary conditions in CubeSats.

Specifications and Boundary

Reference Structure and Devices o Software Used
Conditions
1U CubeSat; structural material: AL Circular orbit; LEO: 300 km and 60°;
. . . Not
[8] 7075; solar cell: Tecstar Triple provides weights and consumed )
o . provided
Junction; battery: LiPo power
Sun-synchronous circular orbit; LEO:
[49] 1U CubeSat; structural material: 600 km and 98°; transient and Not
AL6061T6; battery: LiPo; 5 PCBs steady-state analysis; maximum and provided
minimum temperatures provided
[59] 1U CubeSat; structural material: Srg;)lag;glﬁ: ;E%szlgl(l) dkm and GNU Octave;
AL6061; solar cell: GaInP2/GaAs/Ge T ) & SINDA software
thermal analysis
[52] 1U CubeSat; structural material: gtESc:i 6_?::;;?&:;11 (;175’ éra;saltei?lt and ANSYS
ALG6061TE; 3 PCBs Y ysi% Operating
temperatures provided
1U CubeSat; structural material: AL  Circular orbit; LEO: 300 km with no
7075; 4 PCBs; PCB material: FR4; inclination; period of 90.4 min; Earth
[55] solar cell: single crystal silicon; solar ~ represented as a sphere; satellite Not provided
cell sizes provided; TE: surface temperature: 6-60 °C;
CP1.031-17-06L operating temperature: 0—40 °C
1U CubeSat; structural material: 6061; ) . Autodesk Fusion
. Detailed component weights and .
[53] solar cells and components: obtained . 360 Education
consumed power provided .
from Endurosat 1U License
1U CubeSat; specifications of STEI.’ LEO: 600 km, sun- Solar
[50] Cube Lab; solar cells: polycrystalline . .
. . N synchronous; Period of 1 year Simulator
single-junction silicon
LEO: 500 km, sun-synchronous;
[58] 3U CubeSat; structural material: AL operating temperatures of Not provided

7075; PCB material: FR4

components and their power
provided
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Table 6. Cont.

Specifications and Boundary

Reference Structure and Devices ... Software Used
Conditions
1U CubeSat; structural material: AL . o. .
6101T6 and AL7076T6 (plate); solar ~ --0: 600 km and 987 operating MATLAB-ESATAN-
[43] . . o . temperatures of components and
cells: gallium arsenide triple junction; ower provided TMS
reference to PiCPoT nanosatellite p p
1U CubeSat; structural material: AL E\ig{gﬁf;a;;ragéﬁﬁlﬁ;ﬁures and CubeSat Wizard
[20] 6061 and stainless steel 304; 5 PCBs; temperatures obtained by the with
PCB material: FR4; battery: Li-lon p . y MATLAB-ANSYS
software provided
Sun-synchronous orbit; LEO: 600 km
1U CubeSat; structure based on STEP  and 97.78° period of 1 year; details
Cube; structural material: AL 6061T6; components, their dissipated power,
. . . Thermal Desktop;
[48] battery: Li-Ion; solar cells: ITO-GaAs and operating temperature; provides RadCAD

triple junction; 5 PCBs; PCB

temperatures in low and high

material: FR4 operation; provides power generated

by the solar cells

Although all the presented boundary conditions are relevant for this research, the
most notable ones are those that provide information about the space environment in
which the nanosatellites operate. In this case, articles such as those by [20,48,53,55] provide
essential data on ambient temperatures, inclination angle, weight, and internal component
consumption to determine the feasibility of using TEGs as an energy source in CubeSats.

In more detail, parameters such as ambient temperature and solar incidence signifi-
cantly influence the performance of TEGs in generating electrical energy. As highlighted in
the reviews presented in Table 4, the operation of a TEG depends on a temperature gradient,
created by a hot source on one face and a cold source on the other. Simultaneously, the
weight and energy consumption of TEGs directly impact their ability to provide sufficient
power for the CubeSat’s operation. These factors are crucial to ensure a good watt/kg ratio
of the payload, guaranteeing that the satellite operates efficiently and effectively.

2.3. Intellectual Property

The identification of registered products and patents within a research theme is ex-
tremely relevant for verifying existing technologies in the area, as they represent an in-
dicator of technological advancement resulting from RD activities in universities [60].
Therefore, to verify the relationship between patent development and RD, steps similar to
those applied for the selection of the BP were carried out.

2.3.1. Selection of the Patent Repository

The identification of patents was carried out using the Google Patents and Patentscope
search engines. These tools are essential for a global search of patent data, including those
registered in Brazil [61]. To optimize the search, combinations of KWs encompassing the
investigated theme in both English and Portuguese were established, as shown in Table 7.
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Table 7. Results of the patent searches conducted.

. Google
English Portuguese Patents Patentscope
(“Thermoelectric Generator .OR TEG (“Gerador Termoelétrico” OR “TEG” OR Seebeck
OR Seebeck OR Thermoelectric) AND .
. OR Termoeletricidade) AND (Cubesat OR

(Cubesat OR Nanosatellite OR Nanosat OR 1 P e
" V Nanossatélite OR Nanosat OR “Pequeno satélite”) 93 101

Small spacecraft”)
,S TEG") AND (C,l,lbesat OR (“TEG”) AND (“Cubesat” OR “Pequeno satélite”) 13 11

Small spacecraft”)
(“Eletrical Power System” OR "EPS") AND ooy AN (CubeSat OR Nanosatellite OR
(Cubesat OR Nanosatellite OR Nanosat OR B p
” . Nanosat OR “Small spacecraft”) 33 131

Small spacecraft”)
(“Power System” OR “EPS”) AND (“Sistema de poténcia” OR “EPS”) AND (Cubesat
(Cubesat OR Nanosatellite OR Nanosat OR  OR Nanossatélite OR Nanosat OR
“Small spacecraft”) “Pequeno Satélite”) 261 356
(AEI}S?SSE?SC;’[HSIS Sg::ﬁo ; igcrgfltz,,c ) (“Gerador Termoelétrico” OR “TEG”) AND

. P (Cubesat OR “Pequeno Satélite” OR Nanossatélite) 29 31
OR Nanosatellite)
Raw Patent Database (RPD) 1059

Subsequently, using the search data exported to Excel, data processing of the RPD
containing 1059 patents was carried out, ensuring that the identified patents were aligned
with the research. The process and treatment were performed using the structure shown in
the flowchart in Figure 10. The initial filtering, called a correction filter, identified duplicate
titles and codes within the patents in the RPB, resulting in 632 exclusions (59.68%). The
patents represented in the PD were processed with an alignment filter, which involved
reading all titles aligned with the research theme. At that stage, 385 patents (90.16%)
that were not aligned were excluded, leading to two patent repositories: Google Patents
Repository and Patentscope Repository, containing 32 and 10 patents, respectively. A check
for duplicate titles between the repositories was performed through a check filter. As a
result, the final PR contained 34 patents aligned with the investigated theme, representing

3.21% of the RPB.
Y T e T T T N Sttt SN T TTm e ~
z! Correction Filter of the RPD v Repositories from each  \ / N
28! - [ search engine 1 |
+ 25! ( RPBwith patents 1 + 1 1
s i from each search 1 1 L] : : ! Patent |
7 i engine. : : Google P. p \ : Repository 1
1 1 | Patents Repository | 1 | :
| Identification of 1| 1 [Repository I ]
| | duplicate titles and : 1 |32 Patents 10 Patents | | : |
1
\ z / !
_________________________ /,5 AP IR S BN B2 \\____ —_——
=
«
————————————————————————— N e el it e e Tttty
al £ Final check filter
=
Reading titles of PD Identification of

duplicate titles and
codes between
repositories

patents

Excluded

Figure 10. Flowchart representing the filtering of products and patents.

The patents from the Patent Repository (PR) are presented in Table §, in ascending
order. These patents include detailed information about the inventors, their titles and re-
spective codes, country of origin, and a brief description of each invention. The evaluation
of the relevance of these patents within the proposed theme was based on the follow-
ing criteria: (i) verifying if the patented technology was directly applied to satellites or
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nanosatellites; (ii) assessing the impact on energy generation in the satellite or nanosatellite;
and (iii) using residual heat for electricity generation.

Of the 34 patents belonging to the PR, 5 patents (14.70%) (numbers 1 to 5) met all the
mentioned requirements, demonstrating a significant influence on the research. Another 26
patents (76.47%) (numbers 6 to 31) had a lesser influence, partially fulfilling the require-
ments. Finally, three patents (8.83%) (numbers 32 to 34) were discarded for not meeting the
established criteria.

Table 8. Presentation and selection of patents that comprised the Patent Repository.

Reference

(Number) Title: Code Brief Description
A kind of device for generating T?? ipve?go? propostes a me?odtfor %ﬁneriting Tlectlfricity lfvy
[52] electricity using satellite o 1lzl%ng T(;.er.npelﬁ ure dgli? 1enhon °ex ferﬁa surl aceo
(1) external surface temperature -sate 1t¢?s. is 1s achieved t rough a serles 0 therma .
radient: CN-106208814-B insulation layers, a heat-conducting layer, and thermoelectric
& ' devices, which is especially useful for micro- or nanosatellites.
The invention consists of a device called a
magneto-thermoelectric generator (MTG), capable of
converting residual thermal heat from a photovoltaic cell into
[62] Magneto-thermoelectric mechanical energy and, ultimately, into electrical energy. The
2 generator for energy harvesting: embodiments operate based on the principle of thermally
US-9793829-B2 induced switching between open and closed states of a
ferromagnetic switch, aiming to generate mechanical
oscillations that cause deformation in a piezoelectric material,
resulting in the generation of electrical energy.
The patent describes systems, devices, and methods for
manufacturing nano-engineered thin-film thermoelectric
Nano-engineered thin-film converters (NETT) with photovoltaic applications. These
[63] thermoelectric converter for devices utilize the cold of space for satellites or improve the
3 photovoltaic applications: efficiency of terrestrial solar photovoltaic systems. Examples
US-2022285571-A1 of methods include mounting a thin-film thermoelectric
device to a photovoltaic device, followed by the assembly of a
heat sink and, optionally, a radiator or heat exchanger.
These are electric power generators that utilize the
thermoelectric effect in arrays of nanostructured materials. A
[64] Nanostructured material-based  thermoelectric device is described, consisting of p-type and
@) thermoelectric generators: n-type elements made of carbon nanotubes, and it is capable
US-2009044848-A1 of operating at high temperatures, generating considerable
output power despite being lightweight. A method for
manufacturing this device is also presented.
The present invention pertains to radioisotope thermoelectric
generators, focusing on miniaturized versions to provide
[65] Radioisotope thermoelectric power in space-constrained situations. These generators
) generator: WO-2016138389-A1  incorporate radiological heat sources and are designed to
operate in high-temperature, high-pressure, and
high-vibration environments, such as in drilling probes.
The invention describes a power supply for an autonomous
[66] A power supply: device with multiple power supply units, each having an
(6) AU-2019262087-A1 input for source power, an output to a common power rail, an

energy storage device, and control to manage the energy flow.
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Table 8. Cont.

Reference
(Number)

Title: Code

Brief Description

[67]
7)

[68]
(8)

[69]
©)

[70]
(10)

[71]
(11)

[72]
(12)

[73]
(13)

[74]
(14)

Compact nuclear power system
applied to space environment
and working method:
CN-110043338-B

CubeSat system:
US-11021274-B1

Extendable solar array for a
spacecraft system:
US-9856039-B2

Flexible thin-film solar cell:
US-6410362-B1

Integrated solar power module:
US-6300158-B1

Integrated thin-film battery and
circuit module: US-7045246-B2

Micro—nanosatellite power
system based on super
capacitor: CN-106602694-A

Modular electrical power
subsystem architecture:
US-2022158477-A1

A compact nuclear power system is proposed for the space
environment. Using carbon dioxide as the working fluid, the
system is capable of operating stably for decades or even
centuries, increasing efficiency by more than 10%. It can be
used as a power source in space probes for long-term missions.
The invention consists of the introduction of small,
ready-to-use, low-cost CubeSat systems that are more
accessible, reliable, and easier to use compared to
conventional CubeSats. It provides a complete solution,
including a satellite, ground station, and remote field units,
which can be assembled and deployed quickly.

The patent addresses a set of systems applied to a 2U CubeSat
nanosatellite, focusing on generating electrical power from
solar energy. These systems may include aluminum
honeycomb structures or composites with glass covers, as well
as rigid crystalline photovoltaic cells and rigid or flexible
deployment mechanisms.

A transparent thermal film is applied directly onto thin-film
solar cells, creating a flexible solar panel. This panel can be
installed on a substrate during the manufacturing process to
allow illumination and heat dissipation on both sides, making
it ideal for building a solar array on curved surfaces, such as
spherical nanosatellites. The current inventions involve
thin-film devices and processes, especially solar cells and
flexible circuit boards, and their manufacturing methods.

The invention focuses on the presentation of thin-film devices
and processes, particularly thin-film solar cells and flexible
circuit boards, and their manufacturing methods. An
exemplary configuration involves multiple layers of
transparent polyimide with metallization between them,
forming a three-dimensional flexible printed circuit board.
This allows for the direct deposition of thin-film solar cells,
creating flexible electronic modules. These boards are ideal for
electronic systems on curved surfaces, such as spherical
energy nanosatellites.

The invention pertains to thin-film batteries embedded in
thin-film printed circuits to provide localized power to
electronic devices. These batteries are integrated into
multi-layer flexible circuit boards, supporting devices such as
power regulators, forming an integrated battery and

circuit module.

The invention reveals a power system for micro and nano
satellites based on a supercapacitor, comprising a
supercapacitor and a power input module. The power input
module includes an array of solar cells that charge

the supercapacitor.

The present application provides an electrical power
subsystem (EPS) with a dual-battery configuration that
enables sufficient power supply for a spacecraft bus and a
payload module carried by the spacecraft.
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Table 8. Cont.

}Eﬁi;ineii Title: Code Brief Description
The present invention pertains to power management in
spacecraft, particularly in the context of modular solar cells
[75] Modular solar cell and solar cell —and solar cell arrays that can be deployed on different types of
(15) array: US-2023299610-A1 spacecraft. Examples of the invention include modular solar
cells, arrays, and energy management systems designed for
use in satellite systems and constellations.
The present invention pertains to power converter circuits or
devices, specifically power modules based on solar cells for
[76] Power supply module for power subsystems iln SI?CTcraft. "fl;ese r?c;ldules provifde .
(16) spacecraft: WO-2017177301-A1 power to an unregulated electrical bus of the spacecra t, using
a solar cell and a power converter mounted on it to convert
solar energy into a DC output voltage determined by the
voltage of the spacecraft’s electrical bus.
The invention presents simplified concepts for improved
[77] Satellite modular power supply: gpwer supply configurations for gatellite d§vic?s. Anfexampfle
(17) US-10536107-B1 iscussed involves power units, i.e., batteries, in the F)rrp 0
polygons arranged around a power control module within the
satellite’s chassis.
The invention illustrates a battery system for satellites,
enabling the conversion of solar energy into electricity, the
[78] Satellite storage battery system: storage of that energy, and its use when solar energy is
(18) CN-113422423-A unavailable. It includes a solar energy production device, a
storage device, and a set of batteries that work together to
provide power as needed.
The invention relates to sensing technologies, specifically
S . systems and devices that utilize solar arrays, photovoltaic
olar array remote acoustic . . .
[79] sensing (SARAS): cells, or photodetectors to obtain or provide acousto-optic
(19) US-1 0%)78328-B1 ’ signatures. These devices act as remote acoustic sensors,
detecting fluctuations in the intensity of optically modulated
light at audio frequencies.
The invention presents a device that combines a slot antenna
Solar battery and the integrated and a solar battery into a single system. This resolves space
[80] . . e . ; .
(20) device of slot antenna: competlltlon issues in micro- and par}osatell}tes, redgcmg the
CN-106711576-B satellite’s volume and weight while increasing the light
capture area of the solar battery.
[81] Solar energy conversion and The present invention relates to systems and methods for
(21) transmission system and converting solar energy into microwave electrical energy and
method: US-9815573-B2 transmitting it to Earth.
[82] Solar panel and flexible radiator =~ The invention relates to a combination of a solar array and a
(22) for a spacecraft: EP-3239057-B1  flexible radiator for a spacecraft.
The invention relates to methods and devices for
interconnecting a set of solar panels composed of elongated
PCBs, each with solar cells mounted linearly and connected in
[83] Solar panel array: series to form a panel. There are also hinge assemblies
(23) US-9882330-B2 consisting of hinge pieces, support plates, a spring, and a
hinge pin, which are mounted between the panels to allow
them to be folded in an accordion arrangement or deployed
up to 180 degrees.
The document addresses spacecraft with multijunction solar cell
[84] Space vehicles including panels and their manufacturing, focusing on the design and
(24) multijunction metamorphic specification of bandgap ranges in four- or five-junction solar

solar cells: US-2021202777-A1

cells to optimize efficiency in orbit and ensure performance over
an operational lifespan of five to fifteen years.
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Table 8. Cont.

Reference
(Number)

Title: Code

Brief Description

(85]
(25)

[86]
(26)

[87]
27)

(88]
(28)

[89]
(29)

[90]
(30)

[91]
@D

[92]
(32)

Space-based radioisotope

production and methods of use:

US-20220367077-A1

Spacecraft solar cell monitoring
system: US-2009119060-A1

Thermoelectric rocket
propellant tank pressurization
system: US-10495028-B1

CubeSat system, method, and
apparatus: US-9248924-B2

Power distribution system:
US-6396167-B1

Power supply and distribution
module applied to CubeSat:
CN-106059266-A

Satellite-constructor,
training-demonstration model:
RU-2693722-C2

Satellite thermal control:
WO-2024003013-A1

The text describes a system for producing radioisotopes in
space and its methods of use. It highlights the acceleration of a
propellant by decay energy and the possibility of recharging
radioisotope rocket thrusters at an orbital charging station.
Additionally, it mentions that activated isotopes can be used to
generate electricity and irradiate other items in space for
various purposes.

The invention deals with monitoring the characteristics of a
solar cell array in small spacecraft. A method is used to
determine the current and voltage of the solar cells, allowing
the determination of the cells’ orientation relative to the sun.
This is useful for monitoring the degradation of the solar cells
over time in picosatellites.

The text describes advanced rocket engine systems, where one
system uses TEGs to produce electrical power for the pump,
based on the temperature difference between the liquid
propellant and the heat produced in the combustion chamber.
This pressurizes the propellant tanks to feed the engine.

It addresses a satellite system consisting of a chassis with an
avionics package in the upper portion. This package includes
various boards, such as the main board, payload interface
board, daughter board, and battery board, all arranged in
parallel planes. They are connected through stackable
connectors. The method of operating the satellite is

also described.

The present invention relates to power distribution systems
that manage the distribution of electrical power between
power sources and energy storage elements on a regulated bus
in micro- and nanosatellites. The system allows the coupling
of multiple power sources and energy storage devices to the
bus, with individual regulators and chargers for each device.
The invention relates to a power and distribution module
designed for CubeSats, offering 3.3 V and 5 V converters
connected in parallel to a power distribution unit. This
compact and highly integrated module is developed to meet
the high-reliability, high-performance, and high-integration
power requirements of CubeSat equipment.

The invention relates to the design and equipment of small
modular CubeSats, including models for training. The
CubeSats feature a basic modular platform, internal network,
central processor, control and communication module, and
service systems for selecting and replacing elements. A service
connector allows access to the internal network, the debugging
of programmable devices, and external power supply.

The invention pertains to a satellite with a body containing a
radiative surface to emit heat into space, and an attitude
control system to orient the satellite in Earth’s orbit. This
system can adjust the satellite’s orientation relative to the sun,
switching between a position where the radiative surface
points away from the Sun and one where it is exposed to the
Sun. The goal is to control the satellite’s heat transfer.
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Table 8. Cont.

Brief Description

The present invention pertains to the field of software testing,
specifically a method for testing software, such as that used in
satellites, using scenario-based programming. The method
involves testing the operational software of a system with
various internal subsystems, operating in an environment
controlled by a hardware board using electronic signals and
operational software.

The text describes a lunar exploration rover designed to detect
subsurface ice and traverse varied terrains in extraterrestrial
environments. The rover features a spherical structure that
houses an avionics core. The avionics core contains
components for data acquisition and motor assemblies that
enable the rover to rotate the spherical shell for locomotion.

Reference .
(Number) Title: Code
Scenario-based method for
[93] .
33) testing
software: US-11138100-B2
[94] Spherical mobility system:
(34) US-11420777-B1
Description:

US—-United States; CN—China; AU—Australia; RU—Russia; EP—European Patents Official, WO—World

Intellectual Property Organization.

2.3.2. Analysis of the Patent Repository

The initial analysis of the PR focused on identifying the countries with the most
patents related to the theme. As a result, Figure 11 shows the number of patents from each
country, indicating that 64.71% of the total patents in the PR originated from the United
States, followed by China with 17.65%, patents administered by WIPO with 8.82%, and
countries like Russia, Australia, and the EP institution each representing 2.94%.

WO - WIPO: 03
EP: 01

Figure 11. Number of patents registered by country.

Using The Lens Patent Search mechanism provided by The Lens site allowed us to
capture legally characterizing information about the patents in the PR. Data such as annual
patent publications, most cited patents, discontinued, inactive, expired, or active patents,
main inventors and institutions, among others, are made available for free by the platform.
Thus, analyses of the patents and the inventors/institutions were carried out to verify their
industrial relevance within the proposed theme.

By adding the codes of each patent in the PR to the platform, a “Dynamic Collection”
was formed. This guide allowed access to the associated legal records. Of the patents ana-
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lyzed, 29 patents (85.29%) referenced other inventions, totaling 335 citations, highlighting
their importance for conceptual and innovative development.

Additionally, 12 patents (35.29%) included citations of non-patent literature documents,
providing additional context and aiding in defining the state of the art in the relevant field.
Concurrently, 21 patents (61.76%) served as a foundation for developing new inventions.

Figure 12 illustrates the evolution in the number of patents created over the past
20 years, according to their year of publication, classified into two categories: granted
patents, referring to those approved by a licensed office, and patent applications, referring
to inventions that have entered the patenting process [95]. In this case, a significant increase
in the production of patents related to the theme was observed starting from 2016.

4 4 4 4

Type of Document
I Granted Patent
[ Patent Application

y OO
NN

I&% '\%QQNIWI";I&IQQ'\%QQ\%%Yx
Q" QN D D DD DD DD DD QI
A A A A T A S S S S S

Number of Documents
[—)
7. I~
%,

Year of Publication
Figure 12. Number of patents registered per year.

In parallel, it was essential to identify the legal conditions associated with each patent,
considering their year of registration. This process involved determining the current
legal status of the patent, which can vary between active, inactive, expired, discontinued,
pending, patented, or unknown. Additionally, it was important to quantify the number
of citations each patent had received to highlight the relevance of the previously selected
ones in the field of study.

Thus, Figure 13 shows the number of citations per patent for each year of registration,
accompanied by Table 9, which presents the number of documents by legal status. This
analysis indicated a significant growth in the production of new patents starting from
2016, showing increased interest from companies and inventors in the aerospace sector.
Furthermore, 52.9% of the total patents remained active, while 26.4% represented patents
that had been discontinued, expired, or were inactive, and 20.6% were pending approval
by an accredited office.

Table 9. Number of patents by legal status.

Legal Status Quantity
Active/patented 18 (52.9%)
Pending 7 (20.6%)
Expired 3 (8.8%)
Inactive 3 (8.8%)
Discontinued 3 (8.8%)
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Figure 13. Number of citations per patent by year of publication. Adapted from [96].

In view of this, Table 10 describes the legal information of the patents that met all the
requirements influencing the research, briefly described in Table 8.

Table 10. Description of the legal status of the filtered patents.

Reference Code Legal Status Citations
per Patent
[64] US-2009044848-A1 Discontinued 66
[65] WO-2016138389-A1 Pending 7
[62] US-9793829-B2 Active 1
[97] CN-106208814-B Inactive 0
[63] US-2022285571-A1 Pending 0

The analysis of the filtered patents revealed the legal status and citation impact of each.
Among the patents, one was active (US-9793829-B2), two were pending (WO-2016138389-
Al and US-2022285571-A1), one was inactive (CN-106208814-B), and one was discontinued
(US-2009044848-A1). Notably, the discontinued patent had the highest number of citations
(66), while others had significantly fewer or none.

With this analysis, it was possible to identify the inventors with the highest number of
registered patents in their names, as well as their involvement in other patents. Figure 14
presents the top 20 inventors in the PR, organized by the number of patents produced.
It shows that inventor Edward Simburger had the highest number of produced patents,
followed by Paul Gierow, Frank Jeffrey, and James Matsumoto.

Similar to the analysis of patent production by inventor, it is advisable to identify
which institutions focus on the research theme. Additionally, it is important to deter-
mine the purposes for which the patents were designated to ensure their relevance to the
present work.

Using the same procedures as before, the number of patents registered by company
was obtained through a heat map, illustrated in Figure 15a, and the top 20 codes related
to CPC are presented in Figure 15b. The CPC is a classification system developed by the
USPTO and the EPO. This system has a designation letter for each study area, detailed
in [98].
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Simburger Edward J ? 5
Gierow Paul A 3

Matsumoto James H {0 2
Jeffrey Frank R {2

Cosner Christopher M{—__]
Cruijssen Johan Hendrik {1
Dallmann Nicholas {1
Datema Petrus Cornelis ]
Cormarkovic Velibor ]
Coggin John Moore {1
Chen Wenwen ]

Chang Jianping {1
Benthem Bruin{—_____]
Beveridge Lucas Brady {1
CaoNa{ ]

Carian Peter J{_—_____]
Abraham Margaret H{______]
Abrams John Luther { ]
Ballard Jacob L{———]
Bar-Sinai Michael {1

Inventor
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Figure 14. Number of patents produced by inventor. Adapted from [96].

8 8 8 7

7

B64G1/443 H02J7/35 Y02E10/50 B64G1/428 B64G1/44

HO1M10/425
Tomm T 2 Mantech Sgs
Films INC SINC
) 5 5 . . 4 4 3 3 3
Nexols Anal; 1| B G N T
Hexlve Holding Vector i s H02540/38 | |YO2E10/56 | |B64G1/222 | |B64G1/363 | |B64G1/503
CECmtion Company LLC Launch INC Associates... and Applica...
@y 1 ostamos || Inanocomp e | |1 prime R
Corporation Pt chaologies Phalonics Cotapasy 3 3 3 3 3
HOIL31/048| |H02S20/30 | |H02S50/00 | |Y02E60/10 | |Y02E70/30
1 Solaero Tec 1 Spacecraft 1 The Johns 1 Triad
hnologies Solar Cell Hopkins National
Corp Monitorin... University Securiy...
\ ] - T—
1 1 2 2 3 3 4 3 4 5 6 7 8
(a) (b)

Figure 15. Number of documents by (a) institutions and (b) according to CPC classification.

In some cases, a patent may have more than one CPC classification. This occurs
because the invention can cover multiple technical areas, making it relevant to different
aspects of classification. For the PR, which contained 34 patents, some documents may also
have had multiple categories.

Thus, out of a total of 31 documents registered by companies, it was noted that
Aerospace Corporation had the highest number of patents, with four patents (12.90%),
followed by Lockheed Martin Corporation and Srs Technologies INC with three patents
each (9.68%), lowa Thin Films, Mantech Srs Technologies INC, Nexolve Corporation,
Nexolve Holding Company LLC, and Vector Launch INC with two patents each (6.45%),
and other institutions with one patent each (3.23%).

Regarding the CPC classification, it was identified that a large portion of the patents
were related to the code B64G1, which is classified under Performing Operations Transport-
ing. More specifically, they focused significantly on energy and communication systems for
space applications. Patents classified under codes H02J7, HO1M10, HO1L31, H02550, and
HO02520 were directed towards the development of structural components, energy storage
systems, and photovoltaic system testing. Lastly, those with codes Y02E10, YO2E60, and
YO02E70 were related to the development of batteries and photovoltaic systems.
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2.3.3. Most Relevant Patents

In the context of the research, Ref. [97] describes the use of micro-thermoelectric
devices, composed of thermoelectric materials with high ZT values at low temperatures
and high-thermal-conductivity ceramic plates, to generate electricity using the temperature
gradient on the external surface of the nanosatellite. Positioned centrally on the six faces of
a CubeSat (Figure 16a), the structure of the invention is shown in Figure 16b. Other details
are presented in [97].
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Figure 16. Drawing of the (a) three-dimensional schematic and (b) layer structure of the
invention [97].

The approach presented in [62] describes a device capable of converting residual
thermal heat from a photovoltaic cell into mechanical energy and, ultimately, into electrical
energy. Called the MTG, this invention operates based on the thermally induced change
in magnetic moment within a magnetic material due to the thermal transition between
a heat source and a heat sink. This requires the use of a medium to force the nonlinear
restoration of motion, exemplified by the use of a spring coupled to a ferromagnetic
material. Its construction is observed in Figure 17, from top to bottom, where (10) details
the MTG device.

Heat Upper Magnetic
Source Circuit

«— Low-Density
) ) Bridge
Piezometric
ayer
Ferruous Magnet
Spring

Low-Density
Spring Housing

Mfeemmceennce

Rear Nonlinear

Heat Sink Return Circuit

B Base

Figure 17. MTG device. Adapted from [62].
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In the cold state, the magnetic material is in the closed position, i.e., in thermal
contact with the hard magnet on the hot side. As heat from the source is conducted to the
magnetic material, it approaches its transition temperature and experiences a change in the
magnitude or direction of its magnetization. With the opposing magnetic force weakened,
the means for the nonlinear restoring force return the magnetic material to the cold side of
the device. After sufficient heat transfer to the cold side, the magnetic moment returns to
its original state, moving the material back to the hot side. The movement of the magnetic
material between the hot and cold sides causes mechanical oscillations, which are a form
of nonlinear restoring force. Electrical energy is generated by coupling the means for the
nonlinear restoring force with a piezoelectric material, resulting in the electromechanical
production of electrical energy. Its operation and methodology are presented in [62].

Meanwhile, Ref. [63] describes methods for the fabrication of NETT devices for
MJPV applications. Focusing on space employment, their use in satellites is appreciated
in terms of harnessing residual energy, optimizing size, weight, and power. In certain
cases, NETT devices can be used between the thermal blankets used by satellites, providing
distributed energy to various sensors without reliance on the solar panel array. This
means that the residual thermal energy output can be considered as the sum of the total
incident solar power minus the energy output of the photovoltaic solar panels and minus
the energy output of the NETT. The structure of the MJPV-NETT device is shown in
Figure 18, where (190) shows the fabrication of the MJPV-NETT device. Additional details
are available in [63].
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Figure 18. MJPV-NETT device. Adapted from [63].

In parallel, Ref. [64] conducted studies on the changes in geometry, material, and
weight of TEGs for space applications. As a result, they patented a thermoelectric device
consisting of (i) a first element designed to collect heat from a heat source, (ii) a second
element spaced from the first element to dissipate heat from the first element, and (iii) a core
positioned between the first and second elements to convert heat into useful energy. The
core was composed of a carbon nanotube that exhibited a relatively high Seebeck coefficient,
which increased as the temperature rose. Additionally, it had a relatively high transition
temperature, allowing the coupled elements to operate in a substantially high-temperature
range. Its construction is shown in Figure 19a, and detailed in Figure 19b, where (130)
shows the device.

In summary, Table 11 addresses the main characteristics identified in the PR. It high-
lights that the only patents that closely aligned with the proposal of using TEGs as an
energy source for CubeSats were those by [62,97]. However, these patents differed mainly
because they integrated a hybrid TEG system with solar cells (or another type) and did not
provide power for the entire nanosatellite. Additionally, [62] discussed thermoelectric de-
vices to regulate the temperature of specific sensors and subsystems, rather than providing
power for the entire system.
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Figure 19. Schematic drawing of the thermoelectric device composed of carbon nanotube cores:

(a) three-dimensional and (b) two-dimensional [64].

Table 11. Mapping of the main characteristics addressed in the topic.

- IP Publications
Analyzed Characteristics [97] [62] [63] [64] [65] Proposal
Study of thermoelectric devices as electrical v X X v v v
power generators
Presents modification in the standard structure
of TEGs X v X v v v
Has space applications v v v v v v
Utilizes only residual heat from
ambient conditions v v v v X v
Forms a hybrid system with solar cells or v v v v X
another type
Application in CubeSats v v v v v
Impact on energy supply to CubeSat subsystems v v v
Uses only TEGs for the integral power supply X X N

of CubeSats

Complies: v/ Does Not Comply: X Not informed/Not identified:

The proposed research distinguishes itself from existing studies by exclusively fo-
cusing on the use of TEGs as the primary and integral power source for the EPS of a
CubeSat, in contrast to prior works that predominantly explore hybrid systems or specific
subsystem applications. Furthermore, the proposal introduces structural modifications to
TEGs to optimize their functionality in space environments, an aspect not addressed in
previous references. While many existing studies provide limited or unclear assessments
of the impact of TEGs on nanosatellite subsystems, this research offers a comprehensive
evaluation of their integration into the entire power system, thereby addressing significant
gaps in the current literature.

3. Comparative Analysis of the Scientific and Patent Portfolio

This section aims to establish the relationships between the BP identified through the
ProKnow-C methodology and the IP search conducted, resulting in the PR. It evaluates the
connections between the authors and inventors of each repository, as well as the progress
of RD in relation to the advancement of industrial innovations on the researched topic.
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3.1. Relationship Between Scientific and Industrial Advancement

The importance of the comparative analysis between the BP, which comprised the
most academically relevant articles, and the PR, constructed from the most relevant patents
in the industrial sector, lay in establishing the main relationships regarding the production
and development of new technologies applied to the energy supply for a CubeSat’s EPS.
This analysis structured the evaluation of scientific and industrial advances derived from
the bibliometric analysis and compared the connections between authors and inventors,
keywords, and the annual production history of works.

Thus, the evaluation of the annual production of works based on the existing rela-
tionship between scientific articles and patents related to the proposed research topic was
conducted, aiding in the evolutionary diagnosis of documents and their possible historical
links. The result is illustrated by Figure 20, where, for a better behavior analysis, rectangu-
lar regions with performance criteria are defined. These are red rectangles indicating the
intervals between years in which there were no publications for both documents and green
rectangles emphasizing the years in which the total number of both documents was greater
than one.

The analysis indicated an increase in the production of works related to the topic
studied in this research starting from the year 2014, with at least a total of two publications
per year. Additionally, periods without publications were observed in the years 2002 to
2005, 2006 to 2008, and 2010 to 2013. This pattern suggested growing interest in the topic
investigated by articles linked to both RD and the industry over the past 10 years.
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Figure 20. Number of scientific articles and patents over the years.

3.2. Interrelations of the Bibliographic Portfolio and Patent Repository

In order to explore the interrelationships among both the authors and KWs of the
BP articles and the inventors of the PR patents, a robust analytical approach was adopted
using the open-source software Vosviewer. This analysis focused on mapping the main
connections between the authors and inventors, aiming to identify the key influencers
in the scientific and industrial fields and contribute to a deeper understanding of RD
trends. Additionally, it sought to highlight collaboration networks that may influence
future academic work.

For the patents, detailed mappings of authors and co-authorships were obtained,
illustrated in Figure 21. A total of 32 isolated and unrelated groups of inventors were iden-
tified, with a particular highlight on inventor Edward Simburger. He showed the highest
density of interconnections among inventors, which supports the analysis conducted in the
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previous section (Figure 14) and confirms his relevance in inventions within this industrial
sector. Additionally, the publication years of the related patents were highlighted and
linked to their inventors, revealing a trend of emerging new inventors such as Stephen
David, Jacob Ballard, and others after 2016.

An additional analysis revealed the lack of connection between the 32 groups of
inventors. This suggested that despite the progress in patent inventions related to the
research, there was no direct correlation between the inventions of each subgroup. This
indicates possible confidentiality and restrictions when it comes to sharing information
among inventors from different institutions. As result, Table 12 presents patents related to
the main connections of each inventor, subdivided into low, medium, and high density.
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Figure 21. Mapping the existing connections between the inventors.

High-density patents indicate studies related to solar cells and energy storage systems,
such as flexible thin-film solar cells and the integrated thin-film battery and circuit module.
Medium-density patents present variations in innovations such as thin-film thermoelectric
generators and the application of RTG. Low-density patents address both storage and
energy supply systems for CubeSats, utilizing batteries, solar cells, and RTG modifications,
as well as communication systems. Examples include power distribution modules applied
to CubeSats and compact nuclear energy systems for space environments.

Table 12. Relationship between patents and the degree of connection density.

Density Title

Flexible thin-film solar cell.
Integrated solar power module.
High density Integrated thin-film battery and circuit module.
Power distribution system.
Spacecraft solar cell monitoring system.
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Table 12. Cont.

Density Title

Nano-engineered thin-film thermoelectric converter for
Medium Density photovoltaic applications.
Radioisotope thermoelectric generator.

Micro-nanosatellite power system based on supercapacitor.

A power supply.

Power supply and distribution module applied to CubeSat.
Low Density Compact nuclear power system applied to space environment

and working method.

Solar battery and the integrated device of slot antenna.

Satellite-constructor, training-demonstration model.

Regarding the scientific articles, similar to the previously adopted criteria, the density
map is illustrated in Figure 22a, presenting a total of 31 isolated and unrelated groups of
authors, with existing links between authors for specific articles. By evaluating the density
of each group, it was possible to determine its intensity degree according to the number of
citations per author presented in Figure 7b.

As a result, Figure 22b was obtained, demonstrating that, in this study, the citation
relationship was not directly proportional to the connection density. For example, Champier
D, who had 1185 citations, exhibited a low density, whereas Sratub et al. and Shittu et al.,
with 109 and 154 citations, respectively, exhibited a high density. Similarly, the same
pattern of isolation observed with the patents was evident, highlighting the isolation of
each scientific article concerning the academic development related to the research topic.

oh, Hjii#-ung
Davoli { &
hitsazjaca
Zang Z
li,m bejarano, wenceslao Straub
gore champ@ daniel EP St | 4
Tohidi <
dallamuta, jodo - Jouhara ‘.
iil‘ﬂbllﬂ!yan,ﬂnscamw,m ) ‘!
jurkowski, artur g Yan J ‘
galindo-rosales, reynel josué 3 Nozora
calvalvarado, julio X w
iy OBrien e
ahma
.- n Bouwemeester e
&, jeng8r-ming
d Poghosyan e
[ W .2l B a
abegaonkafymahesh p . golkar, gigsandro He W ' -
caillat, thierry LiG L 4
‘ uofite korv:*laﬁev Champier o
bulutihurat 2l m eBugso 200 400 600 800 1200
Number of Citations
adanaqugipfante, luz P rm Density
kndPiVaclay
& VOSviewer i i i i i
6}.} S S B G Bal ik ®  Low Density . Medium Density . High Density
@) (b)

Figure 22. Representation of (a) density mapping and (b) the relationship between the number of
citations per author and density.

At the end, Table 13 presents the density levels of scientific articles based on the exist-
ing connections between the authors, categorized into low, medium, and high densities.
Based on the distribution of the titles of scientific articles within these density categories,
articles classified as “High Density” focus on technologies related to CubeSats, suggesting
a detailed technical discussion on the development and capabilities of these nanosatel-
lites. Additionally, they highlight the optimization of geometry and applications of TEGs,
reflecting a deep exploration of how to maximize the efficiency of these devices.

The article classified as “Medium Density” presents a slightly broader scope, covering
an overview of CubeSats structures, architectures, and protocols. Articles addressed as
“Low Density” discuss both the various applications of TEGs more generally and studies
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dealing with the global analysis of nano- and picosatellite missions and the use of RTG in
space missions.

Table 13. Relationship between scientific articles and the degree of connection density.

Density Title

OpenOrbiter: A low-cost, educational prototype CubeSat

mission architecture.

Review of thermoelectric geometry and structure optimization

for performance enhancement.

Thermoelectric generator (TEG) technologies and applications.
High density Review of wearable thermoelectric energy harvesting: from body

temperature to electronic systems.

CubeSat evolution: analyzing CubeSat capabilities for conducting

science missions.

Review of thermoelectric geometry and structure optimization

for performance enhancement.

Small satellites and CubeSats: survey of structures, architectures,

Medium density and protocols.

A review of the state of the art in electronic cooling.

Thermoelectric generators: a comprehensive review of

characteristics and applications.

Review of micro thermoelectric generator.

Safe radioisotope thermoelectric generators and heat sources for
Low density space applications.

Survey of worldwide pico- and nanosatellite missions,

distributions and subsystem technology.

CubeSat evolution: analyzing CubeSat capabilities for conducting

science missions.

Thermoelectric generators: a review of applications.

3.3. Keyword Analysis

This section aims to establish the relationships between the BP, identified through the
ProKnow-C methodology, and the search conducted by the IP, resulting in the PR, through
the existing relationships between the KWs of each article. The objective is to identify the
most relevant terms associated with CubeSats, focusing on their subsystems and energy
sources. Additionally, it seeks to diagnose the connection between the application of TEGs
and thermal analysis in the structures of this category of nanosatellite.

As a consequence, Figure 23 illustrates that the term “CubeSat” is prominently as-
sociated with branches in thermal analysis, boundary conditions, communication and
distribution technologies, and energy storage and consumption.

In conclusion, no direct relationships were identified with the application of TEGs as
the main energy source, but rather as temperature regulators for these subsystems. Never-
theless, this analysis corroborated the combination of KWs initially used and presented
both in Table 7 and in the graph shown in Figure 9, demonstrating that they were coherently
aligned with the proposed research theme.

Another important highlight is the absence of the “Keywords” topic in patent docu-
ments, indicating the recommendation to synthesize the documents to identify the main
words that describe them. This synthesis would enable a comparison with the most frequent
words in the BD, to verify the relationship between the axes established by ProKnow-C and
those identified in the IP search.
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Figure 23. Mapping the existing connections between the inventors.

4. Final Considerations

This review aimed to recognize the application of TEGs as the main energy source
in nanosatellites, particularly CubeSat models, identifying the impacted structures and
systems under space conditions. The study highlighted the absence of TEG application,
prompting the use of the ProKnow-C methodology for a state-of-the-art search. This search
identified 33 relevant scientific articles and, after filtering, defined the necessary conditions
to evaluate TEGs in CubeSats.

A similar patent search resulted in 34 patents, with only 5 meeting the criteria and
2 closely aligning with the research proposal. Initial assessments showed extensive use of
simulation software like ANSYS and Matlab in 63.63% of the reviewed articles to evaluate
CubeSat thermal behavior, considering construction specifications and enabling TEG appli-
cation evaluation based on a CubeSat’s face temperatures. However, there was a notable
absence of studies directly addressing the use of TEGs as energy sources in nanosatellites,
with existing research predominantly focused on terrestrial applications. Both interna-
tionally and in Brazil, the scientific literature and patent production on this topic remain
limited, with the field being notably dominated by North American contributions.

The patent analysis revealed a predominance of U.S.-origin inventions, indicating a
lack of incentives for this topic in Brazil and internationally. Only one patent addressed
micro-TEGs, while others suggested structural modifications without direct applications in
nanosatellites. The analysis of patents and scientific articles highlighted a peak in patent
creation between 2016 and 2020, with a decline in scientific article production during the
same period, but an increase since 2019, suggesting industry influence on academia.

Since 2020, the focus shifted to CubeSat structural and thermal optimization, crucial for
potential TEG applications. Patents were mostly classified under “Execution of Transport
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Operations”, focusing on space application energy and communication systems, structural
development of electronic components, energy storage, and photovoltaic system testing.
No patents were specifically for TEG application in CubeSats, highlighting an industrial
innovation gap in nanosatellite energy supply systems.

The methodology used facilitated a detailed bibliometric analysis of scientific articles
and patents, leading to key conclusions. TEGs were identified more as thermoelectric tem-
perature regulators rather than energy sources for CubeSats, highlighting the importance
of comprehensive state-of-the-art reviews. Among identified review articles, none directly
addressed TEGs in CubeSats, indicating pioneering research. The 33 scientific articles did
not show TEG applications as energy sources in CubeSats, instead focusing on temperature
regulation. The analysis of the relationship between academic research and industrial sector
patents revealed increased patent production since 2015, with a decline in the scientific
literature until 2019, when it began to correlate more with patent development, indicating
a connection between research and industrial progress.

The use of TEGs in CubeSats presents both opportunities and challenges. On the
one hand, TEGs offer unique advantages, such as their ability to harvest waste heat from
internal components and external space conditions, providing a supplementary power
source that complements solar cells. Their compact and lightweight design aligns well
with the constraints of nanosatellites, and their lack of moving parts ensures high reliability
in the harsh space environment. In hybrid systems, TEGs could enhance the overall
performance of the EPS, particularly during orbital eclipses or periods of reduced solar
exposure.

On the other hand, significant limitations remain in the use of TEGs for CubeSats,
particularly their low power output and reliance on thermal gradients, which are chal-
lenging to achieve on small satellite surfaces. A potential solution lies in modifying the
geometry of TEGs to better adapt to the 10 x 10 cm dimensions of a 1U CubeSat’s faces. By
optimizing their design to conform to specific face orientations—such as those exposed
to higher thermal flux—TEGs could improve heat absorption and dissipation, enhancing
power generation. This geometric optimization would enable better integration into the
CubeSat structure without compromising payload space or mass constraints, making TEGs
a more viable option for hybrid energy systems or even as standalone power sources in
the future.

Future work should consider modifying procedures to include lost relevant articles,
using new criteria like journal impact factors, and reading abstracts of excluded articles for
valuable information. Additionally, numerical-computational simulations to describe TEG
properties when optimally applied to CubeSats could reveal innovative methods for using
thermoelectric devices in space missions, enhancing both temperature distribution analysis
and power systems.
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Abbreviations

The following abbreviations are used in this manuscript:

NASA National Aeronautics and Space Administration

ESA European Space Agency

LEO Low Earth orbit

COTS Commercial Off-The-Shelf

TEGs Thermoelectric generators

RTG Radioisotope thermoelectric generator
FEM Finite Element Method

TECs Thermoelectric Coolers

KWs Keywords

BP Bibliographic Portfolio

PR Patent Repository

EPS Electrical Power System

P Intellectual Property

RD Research and Development

PDB Preliminary Database

WoS Web of Science

JCR Journal Citation Report

SJR SCImago Journal Rank

SD Science Direct

DBs Databases

PRAD Preliminary Raw Articles” Database
RAD Raw Articles” Database

AD Author Database

PCBs Printed circuit boards

RPD Raw Patent Database

PD Patent Database

CPC Cooperative Patent Classification
USPTO  United States Patent and Trademark Office
EPO European Patent Office

MTG Magneto-thermoelectric generator
NETT Nano-engineered thin-film thermoelectric
MJPV Multiple Junction Photovoltaic

IoT Internet of Things

CNPq Brazilian National Council for Scientific and Technological Development

FACEPE Fundacdo de Amparo a Pesquisa de Pernambuco
PPGIES  Programa de P6s-Graduacdo Interdisciplinar em Energia e Sustentabilidade
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Abstract: Countries around the world have developed standards for ultra-low energy
consumption building design and future plans. Unfortunately, these standards lack specific
requirements for industrial heritage. As an important carrier of urban context, history,
and the transmission of residents’” memories, industrial heritage cannot be overlooked in
urban development. This study uses DesignBuilder energy simulation software to model
industrial heritage (taking the Changchun Tractor Factory as an example) and compares
the energy consumption before and after renovation strategies. The results show that in the
Case 4 plan, after implementing the renovation strategy, heating energy consumption can
be reduced by about 11,648 (kWh/m?) over the heating season, the total primary energy
was reduced by about 4 million (kgce/tce), and total energy consumption decreases by
approximately 95%. This demonstrates the effectiveness of the industrial heritage reuse
design strategy proposed in this paper. It provides a new direction for reuse design under
ultra-low energy consumption requirements in related case studies.

Keywords: industrial heritage; ultra-low energy consumption; DesignBuilder; building
reuse

1. Introduction

The global building roadmap released by the International Energy Agency (IEA)
aims to achieve zero emissions for new and existing buildings gradually from 2020 to
2050 [1]. Governments worldwide have prioritized the building sector’s focus on low
carbon and ultra-low energy consumption. In March 2024, the Central Committee of the
Communist Party of China and the State Council issued the Opinions on Accelerating the
Comprehensive Green Transformation of Economic and Social Development, which stated
that ultra-low-energy buildings in China are expected to achieve large-scale development by
2027. It emphasized that advancing green and low carbon development in urban and rural
areas should begin with a strong focus on the development of ultra-low-energy buildings [2].
Globally, 39% of carbon emissions originate from the construction industry and buildings
themselves. The issues of energy consumption and sustainability in buildings have become
focal points for countries worldwide [3,4]. Various nations have established standards
and regulations for energy-efficient, low-energy, and green buildings. Unfortunately, these
standards lack specific considerations for industrial heritage [5].

The first project for the conservation and adaptive reuse of industrial heritage was
the Ironbridge Gorge in the UK, repurposed in the 1960s [6]. In fact, the process of pro-
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tecting industrial heritage evolved from architectural heritage. As such, like architectural
heritage, it is essential to the development of a city, as it symbolizes and represents the
historical period of the past [7]. However, extending the lifespan of industrial heritage and
sustaining its historical and cultural value requires consideration of not only the impacts
and limitations of traditional codes [5], the influences of sustainability requirements [8],
and regional differences [7,9], but also energy consumption [10] and the balance between
conservation and reuse [11]. Among these influencing factors, aligning with current global
energy development requirements, the greatest and most pressing issue is achieving low
energy consumption and ultra-low energy consumption.

However, a review of existing research literature reveals a significant lack of studies
and practices related to low energy consumption and ultra-low energy consumption
in the context of architectural heritage, particularly in the field of industrial heritage,
which undoubtedly hinders the conservation and sustainable development of industrial
heritage severely [12]. In addition, a disconnect exists between China’s industrial heritage
reuse cases and the critical international and domestic strategic objectives, such as carbon
peaking and sustainable development. It is a significant risk to the full lifecycle utilization
of industrial heritage. The research on the energy consumption aspects of industrial
heritage still has large gaps. On one hand, since most early industrial buildings were
constructed to meet the needs of industrial production at minimal cost, their envelope
structures were designed with the lowest standards for insulation and heating. Therefore,
such buildings are inherently vulnerable in terms of energy-saving. On the other hand,
industrial heritage is an important and continuous branch of the architectural field, which
cannot be overlooked.

In addition, building simulation and computational technologies have been widely
applied in architectural design for decades [13]. Building energy simulation tools have
consistently assisted architects, designers, engineers, and researchers in identifying the
most suitable and the most cost-effective energy-saving measures to reduce and optimize
building energy consumption during the design, construction, and operation phases [14].
Currently, these software tools have become critical in the design phase of energy-efficient
buildings [15]. Among them, DesignBuilder, as one of the most comprehensive energy
simulation software tools, ranks among the top three in terms of usage frequency [16].

In summary, given the research gaps regarding industrial heritage under the concept
of ultra-low energy consumption, the urgent need for renewal, and the alignment with
sustainable development goals, this study proposes a novel reuse strategy based on the
current status and needs of representative cases. DesignBuilder energy simulation software
is utilized to conduct comparative studies of reused plans under different strategies. This
research employs a combination of the Case Study Method, Simulation Analysis Method,
and Comparative Analysis Method. By integrating theory and case studies, as well as
qualitative analysis and quantitative simulations, this study develops instructive reuse
strategies. Furthermore, the effectiveness and applicability of these strategies are demon-
strated through scientific simulations and data validation methods. The main goals of this
study are as follows:

1.  To investigate the current energy consumption status and energy-saving potential of
industrial heritage buildings in Northeast China using DesignBuilder energy simula-
tion software.

2. To propose the “Two Enhancements and Two Reductions” design strategy, which
balances ultra-low energy consumption design principles with the imperative to
conserve and adaptively reuse industrial heritage structures.

3. To verify the effectiveness of the “Two Enhancements and Two Reductions” strategy
and demonstrate its potential for achieving ultra-low energy consumption in practice.
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2. State of the Art
2.1. Ultra-Low-Energy Buildings

Ultra-low-energy buildings are a subset of green buildings, a concept that can be
traced back to the energy crisis following World War II [17]. In 1969, Italian architect
Paolo Soleri first introduced the concept of “arcology”, or ecological architecture [18]. In
1976, Torben V. Esbensen conducted theoretical and experimental research on using solar
energy for building heating, proposing the concept of “zero-energy buildings” for the first
time [19]. In 1990, the British Building Research Establishment introduced the world’s first
green buildings assessment method, Building Research Establishment’s Environmental
Assessment Method (BREEAM), marking a significant step toward the formalization of
green buildings practice [20]. In 1991, German physicist Wolfgang Feist constructed the first
“Passive House”, initiating extensive research into green buildings development world-
wide [21]. In 2006, the UK proposed the concept of low-carbon buildings and introduced
the goal of “zero-carbon homes”, propelling the advancement of low-carbon and zero-
carbon buildings [22]. By 2010, Germany raised the energy-saving standards for buildings,
combining low-energy building standards with passive house standards and introducing
the concept of ultra-low-energy buildings. These architectural concepts originated from
global energy crises, climate change, and the need for sustainable development. As a
result, building standards in different countries have evolved into distinct systems and
regulations worldwide [17,23,24]. In China, the development of green buildings began
with energy-saving. Since the standard of its first design standard in 1986, the central and
local governments have issued hundreds of building energy-saving codes, revising many
standards regularly [25-27]. The evolution and derivation of these related concepts have
been complex and lengthy, but they remain interconnected and share commonalities. The
relationships between some of these concepts are illustrated in Figure 1.

Green Building

Passive
buildings
%,
4o
9}'?%%
Zel
Zel
Low energy
buildings

Figure 1. Relationship diagram of concepts related to ultra-low-energy buildings.

2.2. Reuse of Industrial Heritage

As early as 1965, UNESCO proposed the establishment of the International Council
on Monuments and Sites (ICOMOS) [28], initiating global attention to the conservation
and adaptive reuse of architectural heritage. Currently, 168 countries are signatories to
ICOMOS, with the ranking of countries by the number of World Heritage Sites shown in
Figure 2 (Data from ICOMOS official website) [29]. Among them, Italy, China, Germany,
France, and Spain occupy the top five positions. Notably, among these top five countries,
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all except China include industrial heritage within their World Heritage Sites. Examples
include Italy’s Rhaetian Railway and the 20th-century industrial city of Ivrea; Germany’s
Volklingen Ironworks; France’s Nord-Pas de Calais Mining Basin; and Spain’s Almaden
mercury mining area. Additional examples include Belgium’s Major Mining Sites of
Wallonia, Japan’s Tomioka Silk Mill, and the United Kingdom’s famous Ironbridge Gorge.
This highlights the insufficient conservation and utilization of industrial heritage in China.
However, this does not imply a severe lack of industrial heritage in China. On the contrary,
China possesses a significant amount of industrial heritage.

Netherlands | e— 13
Belgium | e— 16
Poland  E— 17
Portugal se——— 17
Japan e —— G
Mexico  [at—— 35
United Kingdom of Great Britain and Northern Ireland | t———— 35
Spain e ——— 50
France | ——— 53
Germany _ 54
Ching e ———————————— 50
Italy | — 60

0 10 20 30 40 50 60

B the number of industrial Heritage H the number of World Heritage

Figure 2. Total number of World Heritage properties and industrial heritage sites in some of the
ICOMOS member countries.

China’s industrial development started relatively late. However, for a significant
period after 1949, the country’s economy was primarily driven by heavy industry, light
industry, and handicrafts [30]. With the continuous advancement of technology and urban
development, the transformation of former industrial cities has become inevitable in the
face of urban and architectural renewal. Within these cities, a large amount of industrial
heritage has been preserved, serving as a new type of historical and cultural reserve
resource for urban development, which is significant and cannot be overlooked [31-33].

The research on ecological architecture, ecological conservation, and architectural
site preservation originated in the 1960s. Subsequently, studies on ecological architecture
in various countries gradually diversified, giving rise to fields such as building carbon
emissions and energy-saving technologies. Around the same time, research on industrial
heritage began to emerge as an independent discipline from the broader category of
architectural heritage, with architects and researchers extensively debating the issues of
preservation versus renewal. However, it was not until the 1980s that energy-saving
technologies were first applied to architectural heritage, while B. Jankovich et al. retrofitted
passive and active solar energy systems and cooling systems suitable for architectural
heritage [34]. From that point onward, the conservation and reuse of architectural and
industrial heritage started to address energy consumption issues, as shown in Figure 3.
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Figure 3. Development and correlation chart of research related to ultra-low energy consumption
and conservation and reuse of built heritage.

2.3. Selection of Energy Simulation Software

In the 1970s, the United States took the lead in developing energy simulation software,
the BLAST and DOE-2. Subsequently, the United Kingdom developed BREDEM, China
created DeST, and Japan produced HASP. By the end of the 20th century, many European
countries had also developed their own building energy simulation software, as shown
in Figure 4 [35]. Although there are more than 30 types of energy simulation software
globally, after 50 years of updates and eliminations, a relatively mainstream selection has
emerged. Choosing software suitable for the specific project has become an essential step
in the research process. A comparison of these tools is shown in Table 1.

Usability
s

Accuracy: o2 \ Intelligence

DesignBuilder eQUEST OpenStudio

Adaptability Interoperability

Figure 4. Some of the results from the analysis of Attia, Shady [35].
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Table 1. Comparison of major international building energy simulation softwares.

TRNSYS PHPP EnergyPlus eQUEST DeST DesignBuilder
Country United States Germany United States United St?tes China [.Jmted
of America Kingdom
UsS.
Development  University of Passive House  Department JB Tsinghua DesignBuilder
Company Wisconsin Institute of Energy Engineering University Software Ltd.
(DOE)
Development 1975 1996 1999 2000 2004 2006
. Load' Modular Ther— Heat Balance Heat Bala'nce Simplified Heat Balance Heat Balap ¢
Simulation modynamic Method and Fluid Models Method and Fluid
Methods Modeling Dynamics Dynamics
Model' high medium high low medium medium
Complexity
System. highly flexible limited flexible limited limited flexible
Restructuring
Accurate
Temperature accurate accurate accurate accurate accurate accurate
Calculations
Applicable all types of prlmarllly for all types of residential Chinese all types of
complex passive a2 and small - A
Structures buildings . buildings buildings
systems houses businesses
Photovoltaic ¢ partial ¢ partial partial "
Module suppor support suppor support support suppor
Data Input manual or manual manual or simple import manual graphical
Method script batch input p p input
Output of reports and graphs and graphs and graphs and
Results data output reports data tables reports reports reports

Attia, Shady conducted a comparative analysis of mainstream building energy sim-
ulation tools in the early 21st century, evaluating them from five aspects: usability, intel-
ligence, accuracy, process suitability, and interoperability. Among these, DesignBuilder
demonstrated the best overall performance [35]. Sagdicoglu, M. S., using Vosviewer and
Bibliometrix tools, performed bibliometric analyses on the usage of energy simulation soft-
ware, revealing that DesignBuilder ranked first in terms of usage frequency [36]. Haidong
Wang et al. found that DesignBuilder integrates environmental simulation with build-
ing energy modeling, constructing an integrated simulation program that significantly
enhances the accuracy of predictions for thermal and flow behaviors [37]. Subsequently,
more scholars began utilizing DesignBuilder to simulate and calculate various building
components. Piero Bevilacqua et al. used DesignBuilder to evaluate the performance of
new envelope materials [38]. M.M. Rahman et al. compared energy-saving under various
HVAC systems and high COP chiller investment strategies using the software [39]. Yang
Liu et al. explored the relationship between the window /wall ratio and energy consump-
tion [40]. Meanwhile, A. Goenaga-Pérez et al. conducted simulations to verify whether
Spain’s nZEB standards are applicable to the various regional climate conditions within
the country [41]. Moreover, DesignBuilder has demonstrated extensive applicability in
energy simulation and is widely employed in studies analyzing overall building energy
performance [42-44]. Based on previous research, DesignBuilder simulation software is
applicable to almost all types of buildings. In summary, given DesignBuilder’s applicability
and precision in simulating building energy consumption, this study selects DesignBuilder
as the software for representative case simulation and analysis.
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3. Methods and Strategies
3.1. Experiment Overview

This study focuses on ultra-low energy consumption and energy-saving to address the
practical conditions of industrial heritage. We comprehensively consider sustainable devel-
opment, urbanization, technological progress, adaptive reuse, social needs, and ecological
balance to explore more suitable reuse strategies, providing reference and direction for the
development and reuse of industrial heritage. The flowchart of this study is illustrated
in Figure 5: Firstly, based on a comprehensive analysis of geographical location, specific
conditions, and typical characteristics, the Changchun Tractor Factory in Changchun, Jilin
Province, is selected as the research subject. Subsequently, the original case is simulated
and analyzed to evaluate its current features, surrounding context, and urban development
demands, forming a “Two Enhancements and Two Reductions” design strategy tailored
to industrial heritage reuse. Finally, using this strategy, four schemes are developed for
the case. These schemes are then subjected to comparative analysis and validation calcula-
tions using DesignBuilder (v 7.0.2) software to determine the potential of the strategy for
achieving ultra-low energy consumption.

Radisofselection Status, characteristics and demands of Background and foundation
the case
G hic locati Current situation and development Balanc.ed relationship b'etween.
eographic location requirements for POI-based analysis case conservation and reuse of industrial
heritage
- =
Focus on the conservation and legacy of Theoretical basis of ultra-low energy
industrial heritage buildings
Typical situation
Analysis of the current situation of
| Utilizing the sustainability of the case | industrial heritage in Northeast China
Building New
Initial analysis of the case by DesignBuilder software Strategy

4 - Industrial Heritage Spatial Renewal Strategy :
MMM"WMM “Two Enh and Two Reductions™

The original model

Validation and comparative analysis of energy consumption simulations of the “Two Enhancements and Two Reductions” strategy for the case

Case 1 Case 2 Case 3 Case 4

Combining the “Two
Enhancements and Two

Combini ltra-l ) Enhancements and Two Redichioiarshatesy
Ditect scuse ombining ultra-low energy » Reductions” strategy * gy

Combining the “Two

+ultra-low energy consumption
and energy saving design
concept+natural lighting

building concepts +ultra-low energy consumption

and energy saving design concept

Figure 5. Experimental flowchart diagram.

3.2. The Case Study

Among the list of old industrial bases released in China, there are 95 prefecture-
level cities, 23 of which are located in Northeast China (Including Heilongjiang, Jilin,
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and Liaoning Provinces), accounting for 24.2% of the total. Within the “156 Projects” of
the “First Five-Year Plan” implemented in the early years of the People’s Republic of
China, Northeast China hosted 56 projects, accounting for 35.9% of the total, as shown
in Figure 6. Additionally, the three provincial capitals in Northeast China are all key
cities for revitalizing old industrial bases [45]. As a critical area for the old industrial base
revitalization, Northeast China, compared to other regions of the country, has undergone
more profound industrial transformations, shifts in dominant sectors, adjustments in
industrial structures, urban development demands, and significant policy changes. These
factors have resulted in a larger number of abandoned or underutilized industrial heritage
resources in need of renewal and reuse. Furthermore, Northeast China belongs to the
severe cold B and C zones in China’s building thermal design classification, making it
the coldest region in the country. Its unique geographical and climatic conditions are also
among the critical factors influencing energy consumption.

25 [ the number of old industrial bases
[ the number of industrial in Northeast China
B the number of projects in the "156 Projects"
2 I the number of projects in the "156 Projects" in Northeast China
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Figure 6. Distribution of the number of old industrial cities in China by province (the number of
provinces not appearing is 0).

China’s Ministry of Housing and Urban-Rural Development has divided thermal
design zones into primary levels based on the coldest average temperatures and secondary
levels based on heating degree days, as shown in Table 2 [46]. Most cities in the northeastern
region fall under the severe cold zone, with cities in the severe cold zones B and C account-
ing for 72.5% of the total cities in the northeast, as indicated in Table 3. The northeastern
region, located in the northern part of China, is one of the coldest areas in the country.
Moreover, the cold climatic conditions are a critical factor in building energy consumption,
directly resulting in heating energy use being the highest throughout a building’s lifecycle.
Therefore, selecting a representative case from the cold northeastern region, which also
has the highest concentration of industrial heritage in China, adds significant value to the
development of energy consumption research for industrial heritage. Among the three
provincial capitals in the northeast, Changchun is centrally located, and its thermal design
zone is classified as severe cold zone C, representing a midpoint within the thermal zoning
range of all northeastern cities. Consequently, this study selects industrial heritage in
Changchun as a representative case.
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Table 2. Some thermal design zoning in China.

Name of the First-Level Main Indexes of the Name of the Second-Level Main Indexes of the
Zone Classification Zone Classification
Severe cold zone A (1A) 6000 < HDD18
Severe cold zone tminm < —10°C Severe cold zone B (1B) 5000 < HDD18 < 6000
Severe cold zone C (1C) 3800 < HDD18 < 5000
<
Coldzone A a) 2000 < HDDIS <3500
Cold zone —10 °C < tminm < 0°C <
Cold zone B (2B) 2000 < HDD18 < 3800
CDD26 > 90
Table 3. Number of thermal design zones for cities in Northeast China.
Number and Number and Number and Number and

Provinces in Northeast China

Percentage of 1A Percentage of 1B Percentage of 1C  Percentage of 2A

Heilongjiang Province 6; 30% 14; 70% 0
Jilin Province 0 3; 30% 7; 70%
Liaoning Province 0 0 5; 50%
Total number 6 17 12
Total Percentage 15% 42.5% 30%

0
0
5; 50%
5
12.5%

Through field research on the present situation of industrial heritage in the region,
the following was found: First, most industrial buildings were constructed with assis-
tance from the former Soviet Union, showing specific characteristics of that era. Second,
northeast China primarily had developed heavy industry, resulting in most industrial sites
containing similar large-span factory buildings. Third, due to the rapid development of
heavy industrial areas in Northeast China during the early years of the People’s Republic of
China, many of the industrial heritage sites in this region are located in relatively favorable
geographical positions. And some projects are even located in city centers, meaning that
their abandonment or demolition would impose a burden on surrounding residents and
the environment [30].

Based on the background conditions, a comparative analysis of the existing industrial
heritage in the Changchun region was conducted. Ultimately, a tractor factory located
in the Erdao District (within the Second Ring Road) of Changchun was selected as the
representative industrial heritage case. This selection was made because the site is situated
in the city center, making it urgently in need of renovation. Additionally, most industrial
heritage sites in the area are large-space factory buildings, which are the most prevalent
and representative building type among industrial heritage sites in Northeast China. Estab-
lished in 1958, the factory covers an area of 26.9 km? and was once the largest production
base for wheeled tractors in China [47]. Over more than half a century of development, the
surrounding area of the case study has transitioned to residential and educational land use.
However, the site itself is still in a vacant situation, representing not only a waste of land
resources but also a disconnection from the functional integration of the surrounding areas.
This situation urgently calls for improvement.

It is worth noting that partial demolition and renovation have been carried out on
the No. 3 Production Workshop within the factory site, while the other workshops remain
vacant. Notably, the No. 2 Machining Workshop, located at the core of the factory, holds
a superior geographical position and sunlight intensity compared to other workshops in
the area. At present, it is being used as a temporary parking lot. We focus on conducting
simulation calculations and reuse design for the overall structure of the No. 2 Machining
Workshop and its A space. Based on the status analysis and development needs outlined in
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Section 3.3, the renovation is primarily focused on commercial use. Thermal zone setup is
detailed in Section 3.5. The historical site layout is shown in Figure 7 (left), while the current
site layout is depicted in Figure 7 (right). The current condition of the No. 2 Processing
Workshop is illustrated in Figure 8.

m A
Caging

— | —

==

Figure 8. Current condition of the No. 2 Processing Workshop of Changchun Tractor Factory.

3.3. Model Construction and Simulation Settings

Based on the analysis in Section 2.2, the selected representative building—Factory
No. 2—was originally a machining workshop located at the center of the Changchun
Tractor Factory area. Surrounded by internal factory roads, it has a building area of
18,300 m?, a total building length of 154 m, a total building width of 119.2 m, and an
average interior clear height of 8 m. For various reasons, it is still unused and temporarily
utilized as a parking space. Its structural form combines reinforced concrete columns with a
prefabricated steel roof truss, categorized as a row of reinforced concrete column structures.
Through field surveys and investigations, we redrew the floor plan and section of Factory
No. 2, as shown in Figure 9. Subsequently, a model was constructed in DesignBuilder
based on the measurement results.

e  Construction and Glazing Template: Factory No. 2 exhibits distinct characteristics
of an industrial factory building in terms of structural form and internal space. Ac-
cording to China’s Code for Thermal Design of Civil Buildings (GB50176-2016) [46],
the external opaque envelope consists entirely of 490 mm-thick red brick walls, is
lightweight mortar masonry clay brick with a thermal conductivity of 0.76 (W/m-K),
and exposed both internally and externally. The transparent envelope consists of
double-layer ordinary glass, with a thermal conductivity of 0.76 (W/m-K). The roof
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is composed of prefabricated concrete slabs combined with composite steel plates.
The thermal conductivity of the concrete slab is 1.74 (W /m-K), while that of the com-
posite steel plate is approximately 0.04 (W/m-K). And the roof skylights are made of
non-operable single-layer ordinary glass. Based on these features, the corresponding
original structural model was established as shown in Figure 10.
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Figure 9. The redraw of floor plan and 1-1 section of Factory No. 2.

Figure 10. Model of Factory No. 2 in DesignBuilder software.

e Climatic Conditions: The project is located in Changchun, the capital city of Northeast
China, classified as a Severe Cold Zone C in China’s building thermal design zon-
ing. The annual total solar radiation on a horizontal plane is 5000 MJ/m?, with an
average annual outdoor temperature of 4.9 °C. The climate here is short and warm in
summers, while cold and long in the winters, and there are significant daily tempera-
ture variations in spring and autumn. DesignBuilder software supports the CSWD’s
(Chinese Standard Weather Data) weather database, which was developed by Dr.
Jiang Yi, Department of Building Science and Technology at Tsinghua University and
China Meteorological Bureau, and calculates heating and cooling loads using the heat
balance method [48,49]. Therefore, the meteorological data of the Changchun area
in the CSWD database selected for this project, detailed information, and outdoor
temperature changes are shown in Table 4.
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Table 4. Weather information and daily frequency of site outdoor air dewpoint temperature and dry
bulb temperature in Changchun.

Daily Frequency of Site Outdoor Air Dewpoint Temperature

Location Templates and Dry Bulb Temperature in Changchun

Location — e
Source ASHRAE/CSWD
WMO 541,610
ASHRAE climate zone 6A
Latitude 43.90
Longitude 125.22
Elevation (m) 238.0 R
Standard pressure (kPa) 98.5
Time zone (GMT+8:00) Beijing
Winter design weather
Outside design temperature —25°C
Wind speed 2.0 : ; : ; ;
Wind direction 220.0 pa o he o ihn

e  Activity Template: This study combines the Design Standard for Energy Efficiency of
Public Buildings by Jilin Province (energy efficiency 72%) (DB22/T 5160-2024) [50],
the Design standard for Green Building by Jilin Province (DB22/T 5055-2021) [51],
and other standards. Additionally, the surrounding Points of Interest (POIs) were con-
sidered and analyzed. Based on this, the project is preliminarily defined with a focus
on a cultural and creative business and educational template, supported by flexible
structural forms, to expand the building’s adaptability and enhance its sustainability,
thereby meeting more diverse user needs. The time-by-time parameterization for
various types of room use requirements are shown in Figure 11.

100
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Figure 11. Time-by-time parameterization for room.

e  Other Templates: During the previous use of the factory building, the indoor temper-
ature was maintained at the minimum standard to prevent freezing, primarily due
to the heat generated by machinery, technical limitations, and cost-saving consider-
ations. Human comfort limits and other requirements were not taken into account.
Field investigations revealed that the building was originally equipped with a boiler
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heating system but lacked an air conditioning system. Therefore, the original model
parameters exclude mechanical ventilation and cooling systems. Based on the average
temperature during the heating period in Changchun, the heating temperature was set
to 24 °C. The heating time was set to the annual heating cycle schedule of Changchun
from October 20 of each year to April 6 of the following year.

The DesignBuilder software calculates heating and cooling loads based on the
ASHRAE-approved heat balance method in EnergyPlus. Below are some commonly used
ASHRAE heating and cooling load calculation formulas, which are used to determine the
heating or cooling capacity required for a building [13].

The overall cooling load calculation formula is as follows:

Q=UxA xCLTD 1)

Here, Q is the cooling load (W); U is the conduction heat flow of the building shell
(W/m? K); A is the surface area (m?); and CLTD is the color decorated temperature
difference (K).

The overall heat load calculation formula is as follows:

Q=uxAx(AT) (2)

Here, Q is the heat load (W); U is the conduction heat flow of the building shell (W/ m?
K); A is the surface area (m?); and AT is the temperature difference (K).

3.4. Building a Reuse Strategy
3.4.1. Analysis of Current Situation

This study explores the reuse of industrial heritage under ultra-low energy consump-
tion theories, emphasizing the conservation of the historical value of the building envelope
while integrating new eco-friendly materials and low-energy technologies. The analysis is
conducted from the following three views:

1. Current status and development needs of the Changchun Tractor Factory surrounding;:
A data analysis was performed on six categories of POIs (Points of Interest) within
a 5 km radius of the Changchun Tractor Factory, using data sourced from Gaode
Map [52]. The project samples were visualized and organized into a dataset using
Kepler.gl software, as illustrated in Figure 12. It can be observed that education
categories in this area are distributed very densely, followed by sports categories and
mall categories. Additionally, the data obtained from POls after data analysis are
shown in Table 5. To verify the accuracy of the data, we used the triple standard
deviation method, and the guidelines were shown as follows:

Data Di (Deviation Average) that satisfy Di < 20 are considered as normal; 2. Data Di
that satisfy 20 < Di < 30 are considered early warning data, requiring expert assessment
to determine their adherence to expectations; 3. Data that satisfy Di > 30 are regarded as
abnormal and necessitate re-collection and recalculation (o is standard deviation) [53].

The results of the calculations are: o = £0.0309, 20 = £0.0619, and 30 = £0.0928. Based
on the data computed in Table 5, it is evident that all of the data fall within two times
the standard deviation range, and the validation passes. In order to make the data more
readily available for statistical purposes, the results were normalized in this study. From
the data in Table 5, it can be concluded that exhibition category and mall category have
the highest share in the entire city, followed closely by education category, with only a
small difference. Currently, after renovation of the Changchun Tractor Factory’s Building
#3, it is primarily focused on shopping mall use, with the addition of multiple fitness and
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children’s entertainment facilities. In the update design for Building #2, this study takes
into account the city’s evolution and development. The reuse of industrial heritage should
prioritize long-term applicability and sustainability. By integrating the density and regional
proportion data from POls, this study ultimately focuses on the demand for education

category, exhibition category, and some mall spaces.

Table 5. The POI data of Changchun Tractor Factory.

Categories Deviation Normalized
Name Area Number Percentage P; Average (Di) Percentage P;

Surrounding 197 o o

sports Citywide 3912 5.04% —0.0317 10.23%
Surrounding 94 o o

malls Citywide 783 12.00% —0.0380 24.37%
Surrounding 15 o o

parks Citywide 223 6.73% —0.0148 13.66%
. Surrounding 26 . o

tourism Citywide 619 4.20% —0.0401 8.53%

. Surrounding 435 o o
education Citywide 4610 9.44% 0.0123 19.17%
hibitionhall  Curounding ¢ 11.84% 0.0363 24.03%

exhibition ha Citywide 76 0470 . .05%
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Figure 12. POI data visualization and analysis map for 5 km around Changchun Tractor Factory:
(a) Kernel density analysis of education category; (b) Kernel density analysis map for mall category;
(c) Kernel density analysis of exhibition hall category; (d) Kernel density analysis of park category;
(e) Kernel density analysis chart of sport category; (f) Kernel density analysis of tourism category.

(Red in these figures represents data within 5 kilometers of this project).
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2. Key concerns for the conservation and inheritance of industrial heritage: The U.S.
Department of the Interior, through discussions with experts, identified windows
as a consistently significant element of historical buildings. This point has also been
recognized in European countries, where windows are considered a unique and inte-
gral part of historical architecture, warranting maximum restoration and preservation
efforts [54-57]. Consequently, this project focuses on protecting the external envelope
and overall form, specifically preserving historically valuable windows, red brick
walls, and building fagades. Meanwhile, reuse strategies are applied to enhance the
adaptability and flexibility of internal spaces [48].

3. Sustainability of reuse projects: This study employs ultra-low energy concepts to
reduce building energy consumption and extend the service life of the structure.
However, due to the large spatial volume of factory buildings and the principle
of preserving external enclosures, calculations using DesignBuilder indicate that
achieving ultra-low energy performance while maintaining the existing enclosure is
nearly impossible with current technologies. Consequently, this study incorporates
the “loggias” retrofitting concept proposed by Reina Oki et al. from Waseda University
in Japan [54,58] and combines it with the design of interior walking spaces, resulting
in a sustainable, low-energy, and adaptable prefabricated design solution.

In addition, we learned from the design requirements outlined in China’s Code for
Design of Underground Air Defense Shelters, which mandates a one-time conversion
between peacetime and wartime functions [59]. This adaptable form addresses spatial
limitations, technological evolution, and changing user needs. In summary, this study
innovatively proposes the “Two Enhancements and Two Reductions” strategy for industrial
heritage reuse design.

3.4.2. “Two Enhancements”: Increasing Functionality of Space and Diversity of
Energy-Saving Materials

In terms of spatial functionality, after analyzing the spatial, structural, and regional
characteristics of various industrial factory buildings, it is concluded that the reuse of
industrial heritage can accommodate multiple service-oriented space functions: Under
regular circumstances, it serves as a multi-school joint practice base integrating teaching,
experimentation, and practical application, with additional spaces for cultural innovation
business spaces; during summer and winter breaks and public holidays, it hosts exhibitions,
sales events, or similar projects with commercial objectives to increase economic income,
while under special requirements, it provides full dismantling capability to offer larger
usable spaces when necessary. Accordingly, a variable structural design is adopted for the
spatial layout, aiming to meet the requirements of different spatial volumes through flexi-
bility and thereby enhancing utilization over time. Similarly, for other design parameters
mandated by the codes, a full-coverage design is employed.

In terms of materials, new energy-saving products available on the market are se-
lected. Research by Dorota Chwieduk has found that recent energy-saving materials—
especially envelope materials—exhibit total heat transfer coefficients approximately
0.15-0.45 [W/(m?-K)] lower than those of traditional envelope materials, undoubtedly
providing a better foundation for low-energy buildings [60]. The physical properties
of building materials determine a building’s energy consumption [61]. In recent years,
building materials have transitioned from traditional, singular options such as reinforced
concrete and masonry to composite materials [62], laminated materials [63], and phase
change materials [64]. Moreover, these new materials share the common characteristic
of effectively reducing building energy consumption and carbon emissions. Therefore,
in the structural system constructed under this strategy, the load-bearing frame utilizes
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prefabricated H-section steel beams and columns, offering excellent tensile and compres-
sive strength while ensuring ease of construction and dismantling. For short-term non-
removable walls, dual-cavity ultra-low energy light steel composite panels are employed,
with a tested thermal conductivity value of 0.25 (W/m? K), providing exceptional in-
sulation, soundproofing, and measures to reduce thermal bridging. Movable walls are
constructed using rock wool composite panels paired with perimeter steel tracks, achieving
a thermal conductivity value of 0.41 (W/m? K). These panels are lightweight, soundproof,
and easily repositioned, enabling flexible spatial configurations. The glazing components
feature triple-glass, two-cavity windows filled with inert gas, designed for adjustable
top-and-bottom tilting, ensuring excellent insulation and soundproofing while maximizing
natural light penetration. The selection of new energy-saving materials and their perfor-
mance characteristics are derived from the “China Passive Ultra-Low Energy Building
Annual Development Research Report 2022”.

3.4.3. “Two Reductions”: Reducing Profile Sizes and Carbon Emissions

The term “modular architecture” originated in the late 19th century and has evolved
with continuous technological advancements, offering more diverse forms. Research
indicates that if a building features repetitive spaces, the advantages of modularity are
significantly enhanced [65]. Therefore, to meet diverse service demands, the strategy
in this study minimizes the variety of structural profiles and establishes standardized
modular dimensions to shorten construction periods, facilitate transportation, storage,
and assembly, and enable easy disassembly and reconfiguration. Based on the factory
building’s floor height, vertical structural components are standardized with a 4m module
to meet the height requirements of various functional spaces and reserve enough space for
natural ventilation. Horizontal structural components are modularized with dimensions
of 45 m x 3 Nm (where N represents a multiple of the extended module), enabling
seamless transitions between different functional uses and faster, simpler implementation
in expansion projects.

Compared to traditional house construction, the use of steel structures and new envi-
ronmentally friendly materials can effectively reduce carbon dioxide emissions. The use of
numerous prefabricated steel structural components can effectively reduce carbon emis-
sions. According to the China Annual Development Report on Building Energy Efficiency
2022 (Public Building Edition), the carbon emissions during the production of building
materials primarily originate from steel and cement production, which together account for
over 70% of the total energy consumption in the construction industry [66]. Furthermore,
steel structures produce approximately 27% lower carbon emissions during production and
transportation compared to concrete structures, with minimal differences observed during
construction [67]. Therefore, this project extensively employs steel structures, prefabri-
cated components, and modular systems, significantly reducing resource consumption,
environmental pollution, construction-related pollution, and carbon emissions. This strat-
egy primarily adopts steel structures, prefabricated components, and precast construction
to significantly reduce carbon dioxide emissions. Additionally, when selecting material
suppliers, we prioritize those located closer to the project site to minimize transportation
energy consumption and carbon emissions. Furthermore, by implementing a standardized
modular design strategy, the reusability of components is enhanced, thereby reducing
resource consumption, environmental pollution, construction-related pollution, and carbon
emissions. The overall technical pathway for the “Two Enhancements and Two Reductions”
reuse design strategy is presented in Table 6.
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Table 6. The overall technical pathway for the “Two Enhancements and Two Reductions” reuse

design strategy.
Reuse Strategy Deconstruction Technology Pathway Technology Support
Movable wall panel track system
Increase the functionality of Constructing Variable Composite ini?ﬁiztx};zizgiz& two-cavity inert
the space Structure System &

Removable dual-cavity ultra-low-energy light
steel composite panels

. . Reducing the energy Reduction of heating (cooling) loss through
Increase the diversity of . ¢ he hieh perf. P :
energy-saving materials consumption of renewed the high performance of new energy-saving
buildings materials themselves

Reduced profile sizes of modularized
reducing profile sizes Modular architecture buildings 4.5 m x 3 Nm as the standard
module size

New energy-saving materials and Carbon reduction advantages and reuse of

reducing carbon emissions o7 . .
& standardization energy-saving materials

3.5. Model Construction and Simulation Settings Under the “Two Enhancements and
Two Reductions” Strategy

Given the vast scale and high spatial repetition of the factory, this study selects the
A space of Changchun Tractor Factory’s Factory No. 2 as a representative case. The total
building area of the original Factory No. 2 is approximately 18,300 m?, while the A space
covers about 2376 m?, with a total length of 72 m and a width of 33 m, accounting for
roughly 12% of the total area.

To achieve an enhanced ultra-low-energy design, this study constructs a progressive
technical verification model based on the sustainable development principles of industrial
heritage and the “Two Enhancements and Two Reductions” design strategy, compris-
ing four cases as presented in Table 7. Case 1, the baseline model, simulates the energy
consumption of reuse without altering the original conditions. Case 2 integrates the
“Two Enhancements and Two Reductions” structural system while accounting for the ad-
vantageous aspects of photovoltaics. Case 3 not only incorporates the “Two Enhancements
and Two Reductions” structural system but also simulates zonal control and the addition of
photovoltaic solar panels. Building on Case 3, Case 4 addresses the lighting shortcomings
caused by the factory’s 8 m clear height and internal partitioning by introducing internal
structural skylights. It should be noted that while Case 1 serves as the baseline, Cases 2—4
represent progressive scheme models developed by combining the “Two Enhancements
and Two Reductions” design strategy with various technical measures. The basic informa-
tion for Cases 1-4 is provided in Tables 8 and 9, and the model construction is illustrated
in Figure 13.

These usage spaces can be categorized into commercial, educational, and exhibition
types, which achieve more efficient utilization by staggering their use over time. Conse-
quently, during the construction of the energy model in DesignBuilder, the division of
thermal zones becomes more complex. Considering that actual usage scenarios are com-
plex and variable—with the time proportions allocated to different functions over the year
being unpredictable and subject to uncontrollable changes—it is impossible to accurately
determine the operating time and proportional duration of each function. Therefore, a
full-coverage design is adopted in the simulation, while in practice, some equipment can be
manually adjusted according to varying usage demands. In the model constructed using
DesignBuilder, all spaces, except for corridors, are designated as usage spaces (i.e., spaces
that meet the requirements for commercial, educational, and exhibition uses). Their full-
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coverage design parameters are presented in Table 10, and the corridor parameters for
Cases 2-4 are provided in Table 11. These data are sourced from the Chinese building code:
Standard for Green Performance Calculation of Civil Buildings (JGJ /T 449-2018) [68]. In
addition, there are auxiliary usage spaces such as restrooms and storage rooms; however,
since this study simulates the same case using different techniques, the impact of these
constant-parameter usage spaces on the simulation results is minimal. To more intuitively
analyze the effectiveness of the “Two Enhancements and Two Reductions” design strategy,
detailed simulations of auxiliary spaces are not conducted. Furthermore, based on the
requirements of China’s General Code for Energy Efficiency and Renewable Energy Appli-
cation in Buildings (GB55015-2021) [69], the nominal efficiency of each piece of equipment
is determined, as detailed in Table 12.

Table 7. Explanation of the technical program level for the application of the “Two Enhancements
and Two Reductions” strategy to the case.

Program Level

Characterization

Validation Objectives

Establishing a Baseline for

Casel  LO—Baseline model Partial area of the original plant 1 .
building energy consumption
+The structural system of the “Two Effectiveness of spatial
L1—Energy Complement  Enhancements and Two Reductions” ) > O15P
Case 2 Model strategy reconfiguration and renewable
+ Solar panel enersy
+The structural system of the “Two Effectiveness of spatial
L2—Thermal control Enhancements and Two Reductions” reconfieuration rre)newable
Case3  model with spatial strategy ener gan d zor{al temperature
reconfiguration zoning + Solar panel contrgg,ll P
+ Zone temperature control
+The structural system of the “Two
Enhancements and Two Reductions” Dvnamic optimization of ener
L3—Comfort Optimization strategy Y P &Y
Case 4 Model + Solar panel consumption changes and
+ Zone temperature control comfort
+ Dynamic natural lighting
Table 8. Basic information for Cases 1-4.
Internal Space
Cooline Svst Zone Temperature P -
ooling System  Solar Panels Control Internal Enclosure  Interior Structure
Dividing Roof Lighting
Case 1 Applicable - - -
Case 2 Applicable 16 groups - - -
Case 3 Applicable 30 groups Applicable Applicable -
Case 4 Applicable 30 groups Applicable Applicable Applicable
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Table 9. Material information for Cases 1-4.

Internal Space

Envelope
Roof Material ~ (Restoration RB?:/?;?:Ie Interior Side Interior Roof Internal Roof
Only) Wall 8 Windows Windows
Case 1 250 mm - - - -
Case?2  prefabricated 490 mm red - - _ _
Case3 concrete panel brick repair Rockwool Triple-glazed, Double-cavity -
+ 80 mm composite  double-cavity ultra-low energy Double-cavity
Case 4 laminated panel inert gas-filled consumption light inert gas-filled
steel panel windows steel composite panel windows
Table 10. Full-coverage design parameter information for use of space for Cases 1-4.
Lighting Power Lighting . Equipment Equlpmenjc Fresh Air Fresh Air
; Power Density . Power Density Volume for .
Density for with Power Density with Different Volume with
Spaces Different for Different . Full-Coverage
. Full-Coverage . Full-Coverage Functional .
Functional Design Functional Design Spaces Design
2 2 3.
Spaces (W/m*®) (W/m2) Spaces (W/m*?) (W/m2) (m3/h-person) (m°/h-Person)
General General General
commercial = 10 enerat commercial = 19
commercial = 13
Upscale Upscale Upscale
Usage commercial = 16 coFr)n mercial = 13 commercial = 19
spaces of General 16 General - 13 General 24
Case 14 classroom =9 classroom = 24
classroom =5
Art Art
Art classroom =5
classroom = 15 Exhibition = 10 classroom = 20
Exhibition = 10 a Exhibition = 20
Pers9nnel Personnel Room Summer Room Room Winter Set Room Winter
Density for . . Summer Set Set
. Density with Set Temperature Temperature for
Different . Temperature . Temperature
Spaces . Full-Coverage for Different . Different .
Functional . . with . with
Spaces 2Des1gn Functlolc}al Full-Coverage Functlolgal Full-Coverage
(m2/h-Person) M /h-Person) Spaces (°C) Design (°C) Spaces (°C) Design (°C)
General General General
commercial = 4 commercial = 26 commercial = 20
Upscale - Upscale Upscale
Usage coI:nmercial —4 commercial = 26 commercial = 20
spaces of General - 4 General 26 General 20
Case 1-4 classroom = 1.39 classroom = 26 classroom = 18
o Art Art
Art classroom = 4
Exhibition = 4 classroom = 26 classroom = 18
- Exhibition = 20 Exhibition = 20
Table 11. Parametric information for the hallway for Cases 1-4.
Lighting Equipment Personnel Lighting Equipment
Power Power . . Power Power
Name . . Density Fresh Air . .
Density Density (m2/Person) Density Density
(W/m?) (W/m?) (W/m?) (W/m?)
hii‘lsvi azy 7 13 4 19 26 20
(f;isvi;l 7 13 4 19 26 10
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Table 12. Nominal efficiency of individual equipment.

Type Nominal Efficiency
Heating system: coal-fired boiler M =85%
LED lighting M =95%
Cooling system: inverter air conditioner (GB 21455-2019 standard) [70] Annual Performance Factor: APF =4.8
Domestic Hot Water systems (DHW) CoP =0.85
Solar Panel PV Constant Efficiency = 20%

-\wi s

)

CCProject walll
CC mall flat roof

CC mall unoccupied pitched roof CCPrje
Project partition
Project internal floor
Project external floor
CC-Walkinside

Project external door
Project roof glazing

CC new glazing
Project external glazing

(©) (d)

Figure 13. Case 1-4 models built in DesignBuilder software: (a) Case 1 model diagram; (b) Case 2
model diagram; (c) Case 3 model diagram; (d) Case 4 model diagram.

4. Results
4.1. Analysis of the Original Model—Current Situation with No Modifications

We input the normal commercial usage requirements, including parameters for light-
ing, heating, and other factors, into the unrenovated factory to obtain the energy consump-
tion data for the original building (referred to as the Original Model). The calculation
results from the Original Model show that during winter, due to the large factory space,
the heating system can only maintain a temperature range of indoor temperatures between
5 °C and 18 °C. In summer, due to the lack of proper passive ventilation, mechanical
ventilation, and cooling systems, indoor temperatures significantly exceed outdoor levels,
peaking at 30 °C. These conditions fail to meet human comfort requirements, making
reuse infeasible. The monthly temperature results output by DesignBuilder are shown in
Table 13. Additionally, the monthly energy consumption throughout the year, illustrated
in Table 14, clearly demonstrates that heating energy consumption far exceeds that of
lighting and equipment, with the energy consumption per unit area reaching as high as
19,562.84 kWh/m?. In this context, the energy consumption attributable to equipment
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and lighting is almost negligible. Moreover, according to current Chinese building energy

consumption standards—which stipulate that the energy consumption per unit area should

not exceed 300 kWh/m?—it is evident that the factory building’s energy consumption far

exceeds acceptable usage standards.

Table 13. The monthly temperature results output by DesignBuilder.

Date Iif:;;:;;fy Fanger PMV Fangﬁr PPD Air Radiant Operative lg)rl;fs];jleb
o (%) Temperature Temperature Temperature
(%) Temperature
Jan 12.11028 —1.83746 53.03131 14.68633 12.92066 13.80349 —15.3989
Feb 12.35588 —1.64383 49.12699 15.3051 14.26906 14.78708 —9.48382
Mar 20.13476 —1.33774 42.95947 16.39322 15.94101 16.16712 —3.31946
Apr 27.02408 —2.21599 68.80729 17.31706 18.46242 17.88974 7.259167
May 35.56598 —1.04275 34.4886 21.04499 22.70672 21.87586 15.05538
Jun 50.80415 2.65 x 1072 21.27699 24.16246 25.99894 25.0807 20.20503
Jul 64.01617 0.660134 20.49438 25.74809 27.90072 26.8244 22.94425
Aug 61.84307 0.349352 19.19988 24.87872 26.87755 25.87814 21.30336
Sept 45.78144 —0.798 27.5013 21.51686 23.48149 22.49918 15.21132
Oct 36.45867 —0.67075 22.966 18.53919 19.57963 19.05941 7.616667
Nov 21.47486 —1.39804 43.77863 16.21113 15.43637 15.82375 —5.01031
Dec 16.05555 —1.75822 51.64983 14.96786 13.30296 14.13541 —11.6448
Table 14. The monthly energy consumption throughout the year.
Date/Time Room Electricity (kWh) Lighting (kWh) Heating (kWh)
Jan 134,958.4 114,195.5 1.00 x 108
Feb 121,897.9 103,144.4 6.51 x 107
Mar 134,958.4 114,195.5 4.63 x 107
Apr 130,604.9 110,511.8 4,406,595
May 134,958.4 114,195.5 0
Jun 130,604.9 110,511.8 0
Jul 134,958.4 114,195.5 0
Aug 134,958.4 114,195.5 0
Sept 130,604.9 110,511.8 0
Oct 134,958.4 114,195.5 7,094,450
Nov 130,604.9 110,511.8 5.27 x 107
Dec 134,958.4 114,195.5 8.21 x 107
Annual all 1,589,026 1,344,561 3.58 x 108
Energy consumption per unit area (kWh/m?) 86.83 73.47 19,562.84

4.2. Analysis of Modeling Results for the “Two Enhancements and Two Reductions” Strategy

As shown on the left side of Figure 14, the indoor temperature for Case 1 is not

ideal, particularly in winter, with an average temperature below 20 °C. In comparison, the

indoor temperatures for the mall space in Cases 2—4 are relatively similar. However, the

maximum temperatures in Cases 3 and 4 are significantly lower than in Case 2, and the

annual temperature fluctuation in Case 4 is slightly smaller than in the other two cases. On

the right side of Figure 14, which represents the air temperature variation of the month

period in the walking space, the overall temperature in Case 2 is relatively high without

zoned temperature control, exceeding the normal temperature range for its mall spaces.

After implementing zoned temperature control, the minimum temperature requirement

was reduced. However, Case 4 still demonstrates better annual temperature fluctuation

compared to Case 3.
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Figure 14. The air temperature variation of the month period in the different spaces of Cases 1-4.

Indoor temperature variation is only a minor aspect of reflecting indoor comfort.
According to international standards, the PMV (Predicted Mean Vote) model is adopted
as the basis for assessing thermal comfort requirements in building interiors [71]. PMV
was developed by Fanger in the 1960s and specifies that the standard indoor comfort range
should fall between —0.5 and 0.5 [72]. However, some researchers argue that variables
(such as age, health status, body mass index, and other characteristics) also influence
human perceptions of comfort [73]. Nevertheless, this metric primarily predicts the average
comfort level for the majority of people. In China, the government has similarly used this
as a standard, implementing codes as shown in Table 15 [74]. Given the context of this
study, the standard is sufficient to hold on the analysis of whether the proposed reuse
strategies are effective.

Table 15. Human comfort evaluation standard according to Chinese standard [74].

Level Evaluation Indicator 1 Evaluation Indicator 2 Explanation

Thermal environment in which 90% of

Level I —0.5 <PMV < +0.5 PPD < 10% the population is satisfied

-1 <PMV<-0.5 Thermal environment in which 75% of

00 < 00 . . . .
Level II or +0.5 < PMV < +1 10% < PPD < 25% the population is satisfied

Thermal environment in which less than

- 0O . . .
Level III PMV < —=lor PMV <+1 PPD > 25% 75% of the population is satisfied

Figure 15 presents the results for the month period, showing consistent abnormal
variations in April, primarily related to the heating schedule. These discrepancies can be
addressed by adjusting the heating cutoff time based on actual conditions. In the mall
space, the PMV values under zoned control are closer to the Class I standard, with Cases
3 and 4 being nearly identical. For the walking space, Case 4 demonstrates better PMV
performance. Figure 16 compares the results over the run period. For the mall space, the
PMV values for Cases 2—4 all meet the Class I standard, while the PPD values meet the
Class II standard, with Case 1 being slightly higher. In contrast, for the walking space, the
PMYV and PPD results for Case 2, without zoned control, are more favorable compared to
the other cases.
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Figure 15. Predicted mean vote (PMV) of the month period in the different spaces of Cases 1-4 from
DesignBuilder.
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Figure 16. PMV and PPD of the run period in the different spaces of Cases 1-4 from DesignBuilder.

Figures 17 and 18 display the average monthly energy consumption for Cases 1-4 as
simulated by DesignBuilder. Additionally, by comparing the heating and cooling energy
consumption data for each month, the peak months (January and July) are selected as
representative of winter and summer, respectively, for a horizontal comparative analysis
of the four cases, as shown in Figures 19 and 20. It is evident that Room Electricity
shows minimal variation across cases. For Lighting, after adding interior skylights in
Case 4, the monthly energy consumption decreased by approximately 0.169 (kwh/m?),
resulting in an annual reduction of about 2.028 (kwh/m?). For Heating, after implementing
zoned control (Case 3 and Case 4), monthly consumption decreased by approximately
1665 (kwh/m?), leading to a reduction of about 8325 (kwh/ m?2) over the heating season.
For Cooling (Electricity), zoned control (Case 3 and Case 4) reduced average summer
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monthly consumption by approximately 0.35 (kwh/m?). In Case 4, photovoltaic energy
production, combining solar panels and photovoltaic tiles, achieved a maximum monthly
energy generation of 25,166 (kWh) and an annual total of approximately 203,946 (kWh).
After deducting the energy used for Lighting, the remaining photovoltaic energy per year
can supplement Room Electricity consumption or be stored in energy storage facilities for

backup use.
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Figure 17. Average energy consumption (excluding heating) per unit area (kWh/m?) for valid months
of DesignBuilder simulation Cases 1—4.
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Figure 18. Average heating energy consumption per unit area (kWh/m?) for valid months of
DesignBuilder simulation Cases 1-4.
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Figure 19. Comparison of energy consumption (excluding heating) per unit area (kWh/m?) for Cases
1-4 in a typical month by DesignBuilder.
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Figure 20. Comparison of heating energy consumption per unit area (kWh/m?) for Case 1-4 in a
typical month by DesignBuilder.

5. Discussion

To comprehensively evaluate the energy-saving of the design strategy proposed in this
study, the energy consumption output from DesignBuilder simulations is converted into
primary energy, thereby providing a more scientifically accurate reflection of actual energy
usage. According to the calculation method for coal-fired heating and the standard coal
conversion coefficient specified in the General Rules for Calculation of the Comprehensive
Energy Consumption (GB/T 2589-2020) [75] published by China, 1 kg of raw coal, with a
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lower heating value of 20,934 KJ/kg (5000 kcal/kg), is equivalent to 0.7143 kgce/kg. The
formula for calculating primary energy is as follows:

Ejon % 3600

PEC =
Qcoal X1

X f coal 3)

Here, PEC is Primary Energy Consumption (kgce/tce); Ej,; is the energy consumption
demand (kWh); Q,,; is the lower heating value of raw coal (KJ/kg); f,,q is the standard
coal conversion coefficient for raw coal (kgce/kg); and # is the nominal efficiency of
the boiler.

According to the “Limits on Energy Consumption per Unit Product for Coal-Fired
Power Generation Units” issued in China, the coal used for power supply must not exceed
300 g of standard coal per kWh. Furthermore, public data from the Chinese Resources
Bureau indicate that the maximum energy conversion efficiency of power plants is 38%,
with a transmission loss rate of approximately 6%. The primary energy calculation formula
for coal-fired power generation is as follows:

Egevice CEB

PEC jevice = X @)
e Mdevice Nplant ¥ fcoal X (1 - 771055)

Here, Ejppic. is the energy consumption demand of the equipment (kWh); CEB is the
nationally prescribed upper limit for coal supply for power; 7.y, is the efficiency of the
equipment; 77,14, is the energy conversion efficiency of the power plant; f.,, represents
the standard coal conversion coefficient for raw coal; and 7, is the transmission loss rate.
The unit for PEC is standard coal (kgce/tce).

By consolidating and calculating the data, Table 16 presents the energy consumption
and primary energy usage for different project models over one operational cycle. It is
evident that the total primary energy consumption for Case 1 and Case 2 reaches as high as
4,353,303 (kgce/tce), with heating energy consumption being the predominant contributor
at 4,073,358 (kgce/tce), accounting for 98-99% of the project’s total energy consumption
and an energy intensity of up to 11,908 (kWh/m?). Therefore, the primary objective in
reducing energy consumption is to decrease the heating load. By employing the “Two
Enhancements and Two Reductions” design strategy along with zonal temperature control
technology, Case 3 and Case 4 successfully reduced the heating energy consumption to
approximately 50-60% of the total energy consumption, lowering the primary energy by
about 4 million (kgce/tce) and reducing the energy intensity to around 180-230 (kWh/m?)—
a reduction of roughly 90-95% compared to the first two cases. Additionally, the installation
of 30 sets of photovoltaic solar panels is capable of providing approximately 203,946 kWh
of actual power generation annually, thereby substituting a portion of the primary energy.
Considering the 95% efficiency of the LED lighting system, this substitution can effectively
replace all coal-fired electricity. In the Lighting sector, this results in a reduction of about
71,429 (kgce/tce) of primary energy, which accounts for 20% of the total primary energy
consumption for this case.

Moreover, to verify whether the updated simulation results using the “Two Enhance-
ments and Two Reductions” design strategy meet the ultra-low energy consumption design
standards, we compare the project’s simulation outcomes with the regulatory requirements.
Unfortunately, there are currently no specific standards in China for ultra-low energy con-
sumption in industrial and architectural heritage. Therefore, we refer to the requirements
for energy-saving renovations of existing buildings—which mandate that such renovations
should begin with an energy diagnosis, followed by the development of renovation plans,
energy-saving indicators, and testing and acceptance procedures—and to the “Ultra-Low
Energy Consumption Requirements for Public Buildings in Jilin Province (DB22/T 5128-
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2022)” [76] issued by Jilin Province in China. Table 17 presents a comparison between the
ultra-low energy requirements for public buildings and the conditions of this project. In
order to preserve the historical value of the peripheral structure of the industrial heritage,
the “Two Enhancements and Two Reductions” reuse strategy was implemented. While
the building envelope’s airtightness, comprehensive energy-saving rate, and renewable
energy utilization rate meet the requirements for ultra-low-energy public buildings, the
energy-saving rate of the building itself is adversely affected by the original enclosure of the
industrial heritage and thus does not meet the standards. Given the unique characteristics
of industrial heritage buildings, the ultra-low-energy renovation requirements cannot be
directly replicated from those of public buildings. As a result, the current simulation results
of the renovation strategy essentially satisfy most of the ultra-low-energy public building

requirements.

Table 16. The energy consumption and its proportions for Cases 1-4 in the run period.

Original

Category Indicator Model Case 1 Case 2 Case 3 Case 4
Energy (i‘;;\lfsh‘;mptlon 1,589,026 155,024 153,890 153,890 139,916
Room Energy consumption
per unit area (kWh/mz) 86.832 65.49 65.01 65.01 59.11
Percentage 0.44% 0.5445% 0.5408% 19.0981% 15.5237%
PEC 1,966,692.91 191,868.86 190,465.34 190,465.34 173,170.11
Energy consumption 1,344,561 56,926 62,509 62,532 57,713
(kWh)
Lighting Energy consumption
per unit area (kWh /mz) 73.47 24.05 26.41 26.42 24.38
Percentage 0.37% 0.1999% 0.2196% 7.7604% 6.4032%
PEC 1,664,125.44 70,455.71 77,365.64 77,394.10 71,429.76
Energy (%r\‘,i‘;mphon 358,000,000 28,186,467 28,077,519 424,385 551,408
Heating Energy consumption
per unit area (kWh/mz) 19,562.84 11,908.10 11,862.07 179.29 232.96
Percentage 99.19% 99.0029% 98.6612% 52.6673% 61.1787%
PEC 51,736,260.18 4,073,358.63  4,057,614.05 61,329.87 79,686.56
Energy consumption
(KWh) 71,934 85,452 85,824 80,303
Cooling Energy consumption
per unit area (kWh/mZ) 30.39 36.10 36.26 33.93
Percentage 0.2527% 0.3003% 10.6510% 8.9096%
PEC 17,620.66 20,931.97 21,023.10 19,670.69
Energy consumption
(kWh) 79,154 79,154 71,967
DHW Energy consumption - -
per unit area (kWh /mz) 33.44 33.44 30.40
Percentage 0.2781% 9.8232% 7.9847%
PEC 116,335.44 116,335.4 105,772.5
Energy (i‘;;\‘]i‘;mptlon 360,933,587 28470350 28,458,524 805,784 901,307
All .
Energy consumption
per unit area (kWh /mz) 19,723.15 12,028 12,023 340.42 380.78
PEC 55,367,078.53 4,353,303.86  4,346,376.99 350,212.40 343,957.12
Generation (Electricity) - - —163,978 —203,946 —203,946
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Table 17. Comparison of energy-saving requirements for ultra-low-energy public buildings and the
situation of this project.

Energy Efficiency Requirements for Public

Buildings with Low Energy Consumption Limit Values This Project

New structures under the “Two
Enhancements and Two Reductions”

Building envelope’s airtightness (Nsp, h ™) <1.0 reuse strategy (Case 3,4)
Original factory > 1.0
Comprehensive energy-saving rate 1 >50% 92% (Case 3,4)
Energy-saving of the building itself >25% 10%
Renewable energy utilization rate >10% 14.82% (Case 3,4)

To assess whether the updated simulation using the “Two Enhancements and Two Re-
ductions” design strategy improves occupant comfort, we utilized the indoor comfort data
derived from DesignBuilder simulations. These data not only reflect the occupants’ experi-
ences but also directly influence their satisfaction, constituting one of the indispensable
criteria for sustainable development. According to the results shown in Figures 15 and 16,
the comfort levels of the mall space in Cases 2—4 meet Class I of the Chinese standard,
achieving a 90% satisfaction rate. However, for the walking space, Case 2 meets the Class II
standard, while Case 3 and Case 4, after implementing zoned temperature control, only
meet the Class III standard. The walking space refers to usage areas similar to semi-
enclosed corridors, semi-enclosed pedestrian streets, and loggias, where the primary goal
is to maintain a comfortable level of warmth in winter and a pleasant coolness in summer,
providing pedestrians with a more comfortable passage compared to outdoor conditions.
Additionally, the walking space serves to seamlessly connect mall areas, creating an inte-
grated environment for both strolling and shopping. Based on the simulation results of the
“Two Enhancements and Two Reductions” reuse strategy, the comfort levels in Case 3 and
Case 4 are sufficient to meet the usage needs of the walking space.

In comparison to Case 3, Case 4 introduces internal roof skylights, which, while
causing some negative impacts on heat loss and other factors, are essential for regions in
Northeast China, where natural lighting is in high demand to enhance user comfort by
increasing natural daylight, particularly during the winter months. Therefore, even though
Case 3 already demonstrates excellent energy reduction results compared to the original
factory condition, Case 4 was designed with further improvements in mind, incorporating
natural light for user comfort. Ultimately, whether the space is utilized as a cultural and
creative commercial street, a shared educational space, or a temporary exhibition area, the
design enables flexibility and adaptability to meet the varying needs of users, allowing for
seamless transitions between different functions.

In summary, the analysis of the aforementioned results demonstrates that the “Two En-
hancements and Two Reductions” industrial heritage reuse strategy significantly facil-
itates the reuse of industrial heritage within an ultra-low energy consumption frame-
work. The development of an indoor walking space model with zonal control offers the
following advantages:

1.  Preservation of the external envelope, conserving the historical value of industrial
heritage.

2. Utilization of large spaces and high ceilings in factory buildings, transforming the
indoor walking space into more than just a transitional commercial area. It also
provides an improved walking environment during the five-month winter period in
cold regions, with an annual temperature maintained between 8 °C and 26 °C (as
shown in Figure 21).
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3. Significant reduction in total energy consumption—compared to Case 1, total energy
consumption was reduced by approximately 95%, with an annual decrease in primary
energy of 4,009,346 (kgce/tce).

4. Ensuring the usability and thermal comfort of the mall space, with an annual temper-
ature maintained between 18 °C and 26 °C (as shown in Figure 21), meeting human
comfort standards.

— ZONe Mean Air Temperature , BLOCK1:ZONE2 (ON) - eplusout.eso
m— Zone Mean Air Temperature , BLOCK1:RENEWAL2 (ON) - eplusout.eso
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Figure 21. Comparison of internal temperature simulations for Case 3 and Case 4 zones.

Therefore, zoned temperature control not only satisfies human thermal comfort but
also optimally regulates temperature requirements for different functional spaces. Addi-
tionally, it serves as a crucial step in reducing energy consumption during the adaptive
reuse of large industrial heritage factory buildings.

Although it does not possess an absolute advantage in reducing energy consump-
tion compared to newly constructed buildings, industrial heritage—whether viewed from
the perspective of historical continuity or urban transformation—demands sustainable
development even more critically than new constructions. Based on the simulation results
of the representative case in the DesignBuilder software, the “Two Enhancements and
Two Reductions” strategy is applicable to most factory-type, high-ceiling, and large-space
industrial heritage structures. During the investigation of industrial heritage in Northeast
China, it was found that these types of structures were originally used for heavy industry
and mechanical production. Since heavy industry accounts for approximately 70% of the
“156 Project” in China, these data increase the universal applicability of the “Two Enhance-
ments and Two Reductions” industrial heritage reuse design strategy in China.

However, the application of the “Two Enhancements and Two Reductions” industrial
heritage reuse design strategy has certain limitations. This strategy may not be universally
applicable to multi-story industrial buildings left by light industry. In addition, Design-
Builder’s energy consumption simulations still have certain limitations in terms of accuracy,
particularly when it comes to the continuous changes over a building’s lifecycle (e.g., build-
ing deterioration). It cannot provide precise simulations of energy consumption under
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these evolving conditions, which restricts the ability to model and calculate sustainable
low-energy performance for reused industrial heritages. Additionally, this study lacks
comparisons with simulation data from other cities in Northeast China. Different regions
may have varying conditions, but overall, the approach can still achieve relatively better
energy consumption reduction results.

6. Conclusions

The perfect conservation and development of industrial heritage is not merely about
preserving historical buildings but also about reusing them while maintaining protection.
Balancing the tension between conservation and reuse is essential for the sustainable
development of industrial heritage. At the same time, in the face of the global ecological
crisis, industrial heritage, as part of the built environment, also faces the issue of achieving
low energy consumption. Therefore, to realize a successful industrial heritage reuse project,
it is necessary to balance the relationship between energy consumption, conservation, and
reuse. This study integrates quantitative energy modeling with heritage conservation goals,
addressing both energy consumption and cultural sustainability in the context of China’s
industrial heritage. Additionally, this study identifies two main advantages of industrial
heritage in Northeast China:

1. The high ceiling and large space provide a high level of flexibility for reuse, accommo-
dating diverse functional needs.

2. Most are located in the city center, offering excellent foot traffic and geographical
location advantages.

However, the disadvantages of these industrial heritage buildings are more pronounced:

1. The large spaces result in excessively high demands for heating and cooling.

2. To preserve the historical value of the industrial heritage, the factory’s envelope
structure is retained, but these structures have poor thermal insulation properties.

3. The large spans and multiple bays of these factories also impose significant limitations
on natural daylight.

This study leverages the advantages of this industrial heritage using Factory No.
2 of Changchun Tractor Factory as a case example. It analyzes the architectural form,
structural form, spatial configuration, and available space characteristics. By employing
DesignBuilder software for simulation and calculation, this study integrates ultra-low
energy consumption building theories, industrial heritage conservation requirements,
and the “Two Enhancements and Two Reductions” strategy for the reuse of industrial
heritage. This study approaches the problem from multiple angles, dimensions, and per-
spectives, constructing four comparative models to comprehensively address the building’s
deficiencies. The final Case 4 results in a reduction of about 11,648 (kWh/ mz) over the
heating season. With the addition of photovoltaic solar panels, the total lighting energy
consumption for the entire year is fully compensated. Although there is an increase in
domestic hot water (DHW) and equipment energy consumption, the total primary energy
was reduced by about 4 million (kgce/tce), and the total energy consumption still de-
creased by approximately 95%. This verifies the ultra-low energy consumption advantages
of the “Two Enhancements and Two Reductions” reuse design strategy for factory-type
industrial heritage.

In conclusion, the “Two Enhancements and Two Reductions” reuse design strategy
for industrial heritage proposed in this study breaks through the limitations of traditional
reuse perspectives. It provides a new approach to reducing energy consumption in factory-
type industrial heritage reuse in cold regions while ensuring the preservation of historical
value. This strategy proactively aligns with ultra-low energy consumption building de-
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sign requirements, filling a gap in the field of industrial heritage reuse. The innovative
“Two Enhancements and Two Reductions” industrial heritage reuse design strategy for
industrial heritage reuse not only plays a regulatory role in the future development of
industrial heritage reuse but also provides valuable reference for architects and scholars.
In the future, we will consider applying this strategy to different cases, seeking a balance
between commonalities and uniqueness, and continuously exploring the ultra-low energy
consumption potential of industrial heritage reuse. This ongoing effort will further refine
and perfect the reuse strategy. Of course, this study has certain limitations, as it does
not conduct a universal analysis across more projects. However, the findings still hold
significant guidance for industrial heritage reuse, particularly in cold regions, and are
applicable to factory-type industrial heritage worldwide.
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Abstract: This study pioneers a combined Life Cycle Assessment (LCA) and Life Cycle
Costing (LCC) evaluation of an industrial symbiosis (IS) case involving waste heat recovery
from a pulp and paper mill to a tomato greenhouse in Sweden. Unlike previous studies
that assess environmental or economic aspects separately, this research provides a holistic
assessment quantifying both environmental burdens and economic feasibility. A compara-
tive analysis framework is applied, evaluating a symbiotic real case of waste heat recovery
versus conventional greenhouse tomato production in the Netherlands and subsequent
import to Sweden. LCA examines greenhouse gas emissions, eutrophication, toxicity, land
use, and resource depletion, while LCC assesses total ownership costs, including Capital
and Operational Expenditures. The findings demonstrate that the IS scenario significantly
reduces greenhouse gas emissions and operational costs while enhancing energy efficiency.
This work fills a gap in IS literature, offering a replicable framework for sustainable green-
house operations. The results highlight the potential of IS to improve resource efficiency,
promote circular economy strategies, and foster sustainable practices in the agri-food sector.

Keywords: greenhouse; industrial symbiosis; life cycle assessment; life cycle costing; waste
heat recovery

1. Introduction

The agroindustry is a major consumer of energy, with greenhouse production being
particularly energy-intensive due to the need for controlled environments to optimize crop
yields, primarily for heating [1]. Greenhouse farming enhances environmental conditions
for crop growth by utilizing controlled microclimates to boost production [2,3]. The
integration of intelligent decision systems and real-time monitoring can complement
energy efficiency strategies in agricultural practices [4] and reduce operational costs in
controlled environments [5].

In the context of tomato production, greenhouses are predominantly located in regions
with favorable climatic conditions and access to energy resources. However, greenhouse
tomato production in Europe exhibits significant regional disparities, particularly between
northern and southern regions. Northern European greenhouses rely heavily on high-
energy systems for heating and cooling, resulting in greater energy consumption compared
to their southern counterparts, which benefit from greater natural sunlight. The primary
energy sources used in greenhouse tomato production include natural gas, electricity,
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and, increasingly, renewable energy sources such as biomass and solar energy [5]. The
dependence on fossil fuels for heating during winter months leads to elevated greenhouse
gas emissions, as evidenced by studies illustrating that countries like Austria experience
higher emissions due to intensive heating systems [6,7], which are crucial for greenhouse
operations. This discrepancy in energy use highlights the need for efficient energy man-
agement in greenhouses to enhance productivity and reduce operational costs [1]. There
is a growing trend toward integrating renewable energy sources to reduce reliance on
fossil fuels and lower emissions. In this sense, the Netherlands exemplifies the adoption of
advanced greenhouse technologies, emphasizing energy efficiency and renewable sources
to reduce its dependence on fossil fuel resources [8,9]. Additionally, research indicates a
substantial reduction in climate impact due to the transition to renewable energy, with a
61% decrease in the climate footprint of Finnish greenhouse vegetables from 2004 to 2017 [7].
An extensive review developed by Cuce et al. (2016) on the renewable and sustainable
energy-saving strategies of greenhouse systems analyzes different technologies applied in
greenhouses, going from photovoltaic modules to phase change materials, passing through
heat pumps, and others; it concludes that renewable and sustainable energy technologies
are required to reach energy and greenhouse emission savings in the greenhouse sector; the
investment can obtain 4 to 8 years of payback, depending on the technology chosen, climate
zone, and crop type [10]. Despite these promising developments, achieving consistent
energy efficiency across diverse greenhouse systems remains a challenge, particularly for
maintaining optimal growing conditions without excessive energy consumption [8].

In recent years, industrial symbiosis (IS) has gained momentum in Europe as a strategy
to improve resource efficiency and sustainability. IS involves the exchange of materials,
energy, water, or other by-products between industries, fostering mutually beneficial rela-
tionships. This approach plays a crucial role in enhancing emission reductions in industrial
settings, by promoting resource efficiency and sustainability in industrial processes [11,12].

Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) are well-established
methods advocated by the EU Commission to assess the environmental footprint and
economic performance of products and organizations throughout their life span to promote
sustainable and cost-effective choices [13,14]. Interestingly, while LCA is widely used in
the IS literature to assess the environmental performance of existent or future symbiotic
developments [11,15,16], economic performance is seldom studied in-depth in combination
with LCA.

Through IS, industries can exchange materials, energy, and by-products, thereby
contributing to a circular economy. The integration of IS within LCA and LCC frameworks
enables a comprehensive evaluation of environmental impacts and economic benefits
throughout the product life cycle. By utilizing waste streams as feedstock, industries can
significantly reduce their environmental footprint [17]. LCA and LCC incorporate both
economic and environmental metrics, allowing for a holistic assessment of IS impacts
[18,19]. Examples from biopolymer production illustrate how IS can enhance sustainability
through effective waste valorization [19], while LCC analyses show that initial investments
in symbiotic relationships can yield significant long-term savings and environmental
benefits [20]. However, challenges such as limited collaboration and resource availability
can hinder the effectiveness of IS [21]. Overcoming these barriers may require significant
changes in organizational practices and stakeholder engagement [22]. IS not only reduces
waste but also lowers operational costs and mitigates environmental impacts [18].

Although industrial symbiosis (IS) has been widely studied in various industrial
contexts [21], few studies integrate both environmental and economic assessments within a
real case of waste heat recovery applied to greenhouse farming [18,23]. Previous works
have primarily focused on energy recovery in heavy industries [12,24-26]. Waste heat
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recycling is highlighted as an important measure to achieve GHG emission reduction
targets in industrial processes, for instance, by reutilizing waste heat in the iron and
steel industry for municipal heating [24], recovering low-grade waste heat from the flue
gases in a coking plant for preheating coal in adjacent processes [25], reusing waste heat
generated from an iron and steel plant and ironmaking to supply a thermal power plant
with heat [12], or replacing district heating with waste heat from a hypothetical urban
vertical farm integrated with a host building and other local companies [27], neglecting
the agricultural sector as a potential beneficiary of symbiotic heat recovery solutions [27].
Nevertheless, these studies do not elaborate on estimations of several environmental impact
reduction potentials from waste heat recovery measures, nor do these studies provide any
economic assessments of the proposed symbiotic developments.

In the case of the greenhouse under study, waste heat from a nearby pulp and paper
mill is utilized to heat the greenhouse, exemplifying a successful IS application. The
pulp and paper industry is known for its high energy consumption and waste generation,
producing waste streams such as waste heat, solid waste, wastewater containing organic
matter and chemicals, and air emissions. By redirecting waste heat to the greenhouse, the
environmental footprint of both the pulp and paper mill and the greenhouse is significantly
reduced [1].

While improving energy efficiency and sustainability in greenhouse production is
essential, it is also crucial to consider potential challenges, such as the initial investment
costs required for renewable technologies and the necessary infrastructure to support IS.

This study aims to assess the environmental and economic benefits of using waste
heat recovery for greenhouse heating in Sweden, optimizing resource use and reducing
costs [23]. The study aims to answer the following research questions:

1. Is the use of low-grade waste heat for greenhouse heating in Sweden economi-
cally comparable with a BAU greenhouse using fossil fuels or biomass as a heat
energy source?

2. What financial and environmental benefits arise from utilizing low-grade waste heat
for greenhouse heating in Sweden?

3. How does the real case of waste heat reuse in Frovi for a tomato greenhouse compare
to various business-as-usual (BAU) scenarios where greenhouses and systems operate
under standard conditions, in terms of environmental and economic performance?

The innovative aspect of this research lies in comparing the environmental and eco-
nomic analysis of the symbiotic scenario of local tomato production in Sweden using waste
heat, generated in a pulp and paper mill from the CHP process, with the BAU scenario
of importing tomatoes produced in a regular greenhouse located in the Netherlands. The
novelty of this study lies in applying LCA and LCC methodologies in tandem, to assess the
environmental and economic effects of waste heat recycling, exploring a real IS case, and
providing insights into estimations on the environmental burden reduction and environ-
mental benefits, which have been identified as a gap in the current IS literature addressing
waste heat recovery. The findings are expected to contribute to the scientific community by
providing a model for enabling competitive greenhouse operations in Sweden, potentially
reducing dependence on imported tomatoes from the Netherlands. This, in turn, would
enhance local food production and sustainability by leveraging low-grade waste heat
recovery while lowering greenhouse gas emissions associated with food transportation,
among other environmental benefits.
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2. Methodologies

This section outlines the process followed to obtain the LCA and LCC results for the IS
demonstration case in Sweden, specifically located in Frovi. It also describes the scenarios
against which it is compared.

2.1. Demo Case Demonstrator Description

The Frovi demonstration case, part of the CORALIS project initiative, funded by
the European Commission, features a 10-hectare tomato greenhouse in Frovi, Sweden.
This greenhouse utilizes industrial waste heat from a nearby pulp and paper facility.
Construction began in 2022 and was completed by mid-2024, with planning having started
much earlier. The greenhouse is notable for its innovative energy and resource optimization
strategies, including waste heat reuse, rainwater and snowmelt collection, thermal and
light screens, water filtration and reuse, and efficient LED lighting. It is the first large-scale
vegetable greenhouse in Sweden to repurpose low-grade industrial waste heat [28].

The data used in this study were collected from key project partners; they included
business and production information from the tomato producer, data from materials
and quantities, and costs from the project developer, the grower, the greenhouse provider,
commercial databases, scientific and technical literature, and detailed engineering drawings
and specifications. The data were reviewed by WA3RM and CIRCE to ensure high-quality,
site-specific information following a data quality approach connecting the SimaPro, the
LCA, and the LCC [29,30].

Key partners included the greenhouse and materials supplier, the tomato producer,
the special purpose vehicle entity, the project developer (WA3RM), the on-site management
team, and the construction contractor.

LCC assessment followed the same system as for the LCA assessment processes,
considering Capital Expenditure (CapEx) and Operational Expenditure (OpEXx).

e  CapEx data covered building materials, heat and water systems, lighting, land prepa-
ration, construction, transport, and fuel.

e  OpEx data included heat, electricity, water, fertilizers, substrate, packaging, and
waste consumption.

2.2. Life Cycle Inventory (LCI)

The LClI is essential for evaluating the environmental impact and sustainability of the
system, providing insights to enhance resource efficiency. This analysis encompasses all
inputs, outputs, energy, materials, and expenses within the system boundaries, as defined
in the processes.

The LCI involves reviewing previous inventories, collecting primary and secondary
data, normalizing inputs and outputs, and modeling the inventory using Ecoinvent v3.8.
The aggregated LCI data used for LCA assessment are provided in Appendix A.

2.3. Life Cycle Assessment

LCA is a standardized, comprehensive tool for systematically evaluating the environ-
mental impacts of different sectors, processes, and products throughout their entire life
cycle, from resource extraction to disposal. It assesses value chain flows to identify strategic
routes for environmental improvement. The LCA framework follows the standardized
methodology outlined in ISO 14040:2006 and 14044:2006 [31,32], ensuring systematic as-
sessment of environmental impacts, and consistency and quality [33]. LCA studies consist
of four stages: goal and scope definition, inventory analysis, impact assessment, and in-
terpretation (Figure 1) [34]. The methodology allows for the identification of hotspots in
product life cycles, facilitating targeted improvements [35].
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Goal and scope
Definition of the
product system in
terms of the system
boundaries and a
functional unit

Inventory Analysis
Data collection and
calculation
procedures to
quantify the relevant
inputs and outputs of
the product system

Interpretation
Compilation of findings from both LCI and LCIA
to provide conclusions and recomendations

Figure 1. Four phases of a life cycle assessment (own preparation).

2.3.1. Goal and Scope Definition

Impact Assessment
Connect inventory
data with specific
environmental
impact categories
and the respective
category impacts

This stage establishes the scope, system boundary, and functional unit (FU) of the

study. The main objective is to assess the environmental performance of CORALIS scenarios

by comparing the baseline scenario with the IS scenarios.

A cradle-to-gate approach is applied, evaluating environmental impacts from raw

material extraction to the production facility’s gate, excluding use and disposal phases. The
FU is calculated based on the expected lifetime of the greenhouses (30 years), in line with
previous studies [36,37] and the total tomato production during that period. Consequently,

the assessment considers 1 kg of tomatoes produced as the FU.

2.3.2. System Description and Boundaries

The study evaluates multiple scenarios, summarized in Table 1.

Table 1. Scenarios considered for the study of Frovi’s demo case demonstrator.

Scenario

Assumptions

Data Included and Data Sources

Scenario 1.1—Symbiotic scenario in Frovi’s
greenhouse

All electricity comes from local
hydropower.

All heat is supplied by waste heat from
the pulp and paper mill.

CO; (liquified) is supplied by an external
provider.

Fertilizers and chemicals used follow
expected values provided by the tomato
producer.

All production data (water, heat,
electricity, waste, substrate, plants,
tomatoes, plant protection products,
fertilizers, packaging) according to their
expertise, based on assumptions.

All building data from different suppliers
(steel, glass, aluminum, machinery,
lighting, land preparation, heat recovery
system) were collected in 2023 and 2024.
Land use change (from forest to
industrial land).

Scenario 1.2—Frovi’s greenhouse,
non-symbiotic solution, heat from biomass

All electricity is average Swedish grid.
All heat is from biomass heat.

All water from municipal supply, lake,
and rain.

CO, from external supplier.

Fertilizers and chemicals use is the
average use, information taken from the
tomato producer.

All production data from tomato
production (water, heat, electricity, waste,
substrate, plants, tomatoes, plant
protection products, fertilizers,
packaging), according to their expertise,
based on assumptions.

All building data from different
suppliers (steel, glass, aluminum,
machinery, lighting, land preparation),
collected in 2023 and 2024.

Land use change (from forest to
industrial land).
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Table 1. Cont.

Scenario

Assumptions

Data Included and Data Sources

Scenario 1.3—Frovi’s greenhouse,

non-symbiotic solution, heat from natural gas

All electricity is average Swedish grid.
All heat is from natural gas heat.

All water from municipal supply, lake,
and rain.

CO, from external supplier.

Fertilizer and chemical use is the average
use; information taken from the tomato
producer.

All production data from tomato
producers (water, heat, electricity, waste,
substrate, plants, tomatoes, plant
protection products, fertilizers,
packaging).

All building data from different suppliers
(steel, glass, aluminum, machinery,
lighting, land preparation), according to
their expertise, based on assumptions.
Land use change (from forest to
industrial land).

Scenario 2—Generic greenhouse in Sweden

All electricity is average Swedish grid.
All heat is from biomass combustion.
All water consumption is from generic
irrigation as in Scenario 3.

CO; from external supplier.

Fertilizer and chemical use is the average
use; information taken from the tomato
producer, according to their expertise,
based on assumptions.

Generic greenhouse in the Netherlands,
included in the Ecoinvent dataset
(greenhouse, glass walls, and roof {GLO
market for greenhouse, glass walls, and
roof, Cut-off, U}).

Scenario 3—Generic greenhouse in the
Netherlands

Electricity is from the average
Netherlands grid system.

All heat is from natural gas.

All water consumption is from generic
irrigation (drip (6%), sprinkler (24%),
surface (70%)).

It includes tomato transport from the
Netherlands to Sweden (average of 1580
km).

CO, is from emissions of the CHP
system onsite.

Fertilizer and chemical use is the average
use; information taken from the tomato
producer, according to their expertise,
based on assumptions.

Generic greenhouse in the Netherlands,
included in the Ecoinvent dataset
(greenhouse, glass walls, and roof {GLO
market for greenhouse, glass walls, and
roof, Cut-off, U}).

Scenario 1—The real Frovi greenhouse in different conditions:

e  Scenario 1.1: The symbiotic scenario demonstrated in the Frovi demo case, using
100% hydropower electricity from Linde Energi and heat recovered from a pulp and
paper mill.

e  Scenario 1.2: The Frovi greenhouse operates with biomass heating and the Swedish
electricity mix but without the symbiotic heat connection.

e  Scenario 1.3: Similar to Scenario 1.2, but with natural gas as the primary heat source.

Scenario 2—A generic Swedish greenhouse:

e A BAU greenhouse in Sweden, using the Swedish electricity mix, biomass for heating,
and generic irrigation methods.

Scenario 3—A generic Dutch greenhouse:

e A BAU greenhouse in the Netherlands, producing tomatoes for export to Sweden.

e  Uses the Netherlands electricity mix and natural gas for heating, along with generic
irrigation methods.

e  Tomatoes are transported to Sweden by road and sea, covering an average distance of
1580 km.

The study follows Product Category Rule (PCR) guidelines for arable vegetables [38]
to define the scope, boundaries, and data requirements for the LCI and LCA of the different
scenarios. Both LCA and LCC assessments consider the same system boundaries, including
material, water, energy, and waste flows, as detailed in Table 2.
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Table 2. Boundaries considered for the scenarios.

Type of Process Processes Included Temporality

Upstream processes

Chemical and fertilizer production and transport
Tomato starter plant production and transport
Substrate production and transport

Plant support equipment production and transport
Electricity production and transport

Heat source production and transport (waste heat, biomass
heat, or natural gas heat, depending on the scenario
analyzed)

Water pumping

CO;, liquefying and transport

Packaging production and transport

Waste generation and treatment

O O O O 0O O

Yearly
Tomato production

o O O O

Downstream processes

o Emissions due to fertilizing (fertilizer application)
o Emissions due to the combustion of fuels (mainly diesel)

Upstream processes

o Structure materials production and transport for the
greenhouse

Auxiliary building materials production and transport
Grow /cultivation system materials production and transport
Shading system materials production and transport

Heating system materials production and transport

Heat recovery system materials (for the IS scenario) 30 years
(including heat exchangers, heat pumps, heat pipes
production and transport)

Lighting system materials production and transport
Irrigation system materials production and transport

Land transformation and preparation

Land use change

Waste generation, transport, and treatment

o O O O O

Greenhouse production and
operation

o O O O O

Core processes

o Maintenance: pump replacement 15 years (reference from
o Maintenance: heat exchanger ymanufa cturers)
o Maintenance: boilers
o Maintenance: LEDs
Downstream processes Yearl
early

o Emissions due to the combustion of fuels (diesel mainly)

2.3.3. Cut-Off Criteria

The cut-off criteria applied in this study focus on the relative contribution of mass
and energy to the FU, as well as generated waste (air emissions, water waste, and solid
waste). The following criteria are applied: (i) Materials: flows contributing less than
1% of the cumulative mass were excluded, provided their environmental relevance was
negligible. However, the sum of neglected material flows did not exceed 5% of the mass or
environmental relevance. (ii) Energy: flows contributing less than 1% of cumulative energy
were excluded from the analysis.

2.3.4. Impact Assessment

Impact assessment evaluates the environmental impact of value chains using SimaPro
Analyst 9.3.0.3., complemented by in-house databases and Ecoinvent 3.8. The ReCiPe 2016
v1.1 midpoint method [39] was used for data analysis.

Midpoint analysis identifies the most impactful categories, while characterization
determines the contribution of different processes. Table 3 lists the selected environmental
impact indicators.
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Table 3. Environmental impact indicators were selected for this study and respective units.

ReCiPe 2016 Midpoint Abbr. Unit
Global warming GWP kg COzeq
Stratospheric ozone depletion ODP kg CFClleq
Ionizing radiation IRP kBq Co-60eq
Ozone formation, human health HOFP kg NOx eq
Fine particulate matter formation PMFP kg PM2.5¢q
Ozone formation, terrestrial ecosystems EOFP kg NOx eq
Terrestrial acidification TAP kg SOz eq
Freshwater eutrophication FEP kg Peq
Marine eutrophication MEP kg Neq
Terrestrial ecotoxicity TETP kg 1,4-DCB
Freshwater ecotoxicity FETP kg 1,4-DCB
Marine ecotoxicity METP kg 1,4-DCB
Human carcinogenic toxicity HTP, kg 1,4-DCB
Human non-carcinogenic toxicity HTPp kg 1,4-DCB
Land use LOP m2a Cropeq
Mineral resource scarcity SOP kg Cueq
Fossil resource scarcity FFP kg oil e
Water consumption WCP m?

2.3.5. Interpretation

This stage analyzes impact assessment results and suggests improvements. It com-
pares life cycle stages, and between baseline and the IS scenario.

2.4. Life Cycle Costing

LCC [14] evaluates the costs incurred throughout a product’s life cycle, following the
same principles as LCA. It includes both direct costs (CapEx) and indirect costs (OpEx).

Due to limitations in gathering baseline cost information, the LCC analysis focuses on
direct and indirect costs rather than predicting long-term economic trends. When specific
cost data are unavailable, estimated cost factors based on Peters (2011) [40] are used.

The lifespan of the Frovi greenhouse is assumed to be 30 years, with CapEx calculations
incorporating data from 2022, 2023, and 2024, while OpEx inputs are exclusively from 2024.
Some inputs are estimates rather than actual data, particularly for future years.

The total LCC is calculated as follows:

LCC = CCapEx + ZCOpEX, ts (1)

where

e Ccapex represents initial capital costs, including land acquisition, civil works, engineer-
ing, greenhouse construction materials, investment in irrigation systems, electricity
and heat generation/distribution, and waste operations.

e CopEx, t represents annual operational costs, including insurance, harvesting, person-
nel costs, water and energy use, fertilizers, CO, supply, and greenhouse maintenance.

e tisthe number of years considered in the analysis (30 years).

Certain costs are excluded from the calculation, such as the cost of the cultivation
system, as cultivation is performed manually. The estimated annual crop sale value is
based on average figures provided by the tomato producer.

Additionally, the Levelized production cost (€/kg of tomatoes) is estimated as follows:

Ctotal (2)

7

C rod —
P Qtomato

where

e  Cyoral = LCC represents the total life cycle cost.
¢ Qiomato is the total number of tomatoes produced over 30 years.
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This analysis focuses on comparing different heating scenarios rather than making

long-term financial predictions.

3. Results
3.1. LCA Evaluation

The LCA evaluation assesses the environmental impacts associated with all stages of

the greenhouse system, from resource extraction to operation and waste management.

Considering the 30-year life expectancy of the greenhouse (in alignment with previous

studies) and using a BAU greenhouse from the Ecoinvent database as a reference (minimum

lifespan of 25 years), the most and least impactful scenarios per kg of tomatoes analyzed

were identified (see Figure 2):

Scenario 3—The generic Dutch greenhouse exhibits the highest environmental impact
in 14 out of 18 impact categories.

Scenario 1.1—The symbiotic scenario being demonstrated in the Frovi greenhouse
has the lowest environmental impact in 17 out of 18 impact categories. However,
for water consumption, Scenario 1.1 ranks second highest due to the environmental
burden associated with Linde Energi hydropower plant construction and materials
production (notably gravel and steel).

The remaining scenarios fall between these two extremes.

A comparative analysis was conducted between Scenario 1.1 and the remaining

scenarios (Table 4). The key findings are as follows:

Significant environmental burden reductions were observed across multiple impact
categories.

Total avoided GHG emissions in the symbiotic scenario (Scenario 1.1) compared to
the BAU scenario amount to 3.382 kg CO, equivalent per kg of tomatoes produced,
translating to a yearly reduction of 29,270 tons of CO, equivalent. While GHG reduc-
tions are lower when compared with other scenarios, Scenario 1.1 remains the least
impactful in terms of Global Warming Potential (GWP).

Water consumption per kg of tomatoes is 9% higher (0.003 m3/kg) in Scenario 1.1
compared to the reference scenario.

Fossil resource consumption per kg of tomatoes is reduced by 1.07 kg of oil equivalent
(87%) compared to the reference scenario.

W Scenario 1.1

™ Scenario 1.2

W Scenario 1.3

W Scenario 2

W Scenario 3

Figure 2. Life cycle assessment for the different scenarios.
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Table 4. Life cycle assessment results for comparison of the different scenarios, total impact per FU.

Impact Category Unit Scenario 1.1 Scenario 1.2 Scenario 1.3 Scenario 2 Scenario 3
GWP kg COz¢q 0.6749 0.8085 1.6699 0.7948 4.0565
ODP kg CFC11 ¢q 0.0000 0.0000 0.0000 0.0000 0.0000

IRP kBq Co-60 oq 0.0396 1.4506 1.4600 1.4482 0.2447
HOFP kg NOx eq 0.0018 0.0030 0.0028 0.0030 0.0056
PMFP kg PM2.5 g 0.0012 0.0016 0.0016 0.0015 0.0026
EOFP kg NOxeq 0.0021 0.0033 0.0031 0.0033 0.0060

TAP kg SOz ¢q 0.0060 0.0071 0.0072 0.0068 0.0099

FEP kg P eq 0.0003 0.0004 0.0004 0.0003 0.0016
MEP kg N eq 0.0012 0.0012 0.0012 0.0012 0.0013
TETP kg 1,4-DCB 10.5769 12.2007 11.7099 11.0542 15.4524
FETP kg 1,4-DCB 0.1757 0.1869 0.1911 0.1820 0.2400
METP kg 1,4-DCB 0.2197 0.2350 0.2400 0.2278 0.3088
HTP. kg 1,4-DCB 0.1184 0.1241 0.1309 0.1115 0.1938
HTP,¢ kg 1,4-DCB 1.3790 1.8810 1.7844 1.7166 3.2148

Lor m2a Crop eq 0.0454 0.3172 0.1066 0.3156 0.0967

sopP kg Cueq 0.0079 0.0091 0.0094 0.0082 0.0087

FFP kg oil ¢q 0.1583 0.1932 0.5066 0.1900 1.2266
WCP m? 0.0402 0.0351 0.0355 0.0433 0.0369

An environmental impact analysis was conducted for each scenario. The findings for

Scenario 1.1 (symbiotic waste heat scenario in Frovi’s greenhouse) are presented in Figure 3
and Table 5:

Greenhouse construction and building processes contribute significantly to environ-
mental impact and warrant further examination, being the highest contributor in
human non-carcinogenic and mineral resource scarcity impact categories. This process
will be analyzed in more detail.

Fertilizer and chemical production are among the most impactful processes across
all impact categories, particularly in the stratospheric ozone depletion, terrestrial
acidification, marine eutrophication, and land use categories due to the application of
macronutrients. Emissions from the application of fertilizers appear as an important
contributor in the terrestrial acidification and marine eutrophication. These processes
are analyzed further in the next section.

Carbon dioxide represents the first impacting process in the global warming and
ionizing radiation impact categories due to its nature, which mainly impacts in those
impact categories.

Substrate use in the hydroponic base is the first impacting process in the ozone
formation (human and terrestrial), terrestrial ecotoxicity, and fossil resource scarcity
impacting categories.

Electricity consumption from Linde Energi purchased for tomato cultivation is also
identified as a key contributor.

When analyzing the total IS greenhouse’s structure and materials—excluding tomato

production processes, inputs, and outputs, and land preparation and construction and

land use and occupation—the greatest environmental impact comes from the materials

used in the greenhouse’s construction. The most significant contributors to the global

warming impact category (measured in kg CO, ¢q) are electrical components, glass panels
and aluminum structures. This is illustrated in Figures 4 and 5.
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Figure 3. Life cycle assessment for Scenario 1.1, showing the contribution of different processes and
activities to the different impact assessment categories.

Table 5. Life cycle assessment results (main impacting processes) for Scenario 1.1 per FU.

. . Emissions o Greel}ho.u >e
Impact Unit Electricity Use Substrate Use Carbon from Fertilizer and Frovi with
Category RES Supplier Dioxide Fertilizi Chemical Use Waste Heat
ertilizing R

ecovery
GWP kg COseq 0.1065 0.1672 0.1856 0.0013 0.0826 0.0699
ODP kg CFC11 ¢q 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
IRP kBq Co-60 g 0.0025 0.0028 0.0219 0.0000 0.0038 0.0056
HOFP kg NOx eq 0.0002 0.0008 0.0002 0.0001 0.0002 0.0002
PMFP kg PM2.5 ¢q 0.0002 0.0002 0.0001 0.0001 0.0003 0.0002
EOFP kg NOx eq 0.0002 0.0009 0.0002 0.0002 0.0003 0.0002
TAP kg SOz eq 0.0005 0.0005 0.0003 0.0018 0.0022 0.0005
FEP kg P eq 0.0001 0.0000 0.0001 0.0000 0.0000 0.0000
MEP kg N eq 0.0000 0.0000 0.0000 0.0006 0.0006 0.0000
TETP kg 1,4-DCB 3.1535 3.1671 1.6177 0.0000 0.7357 1.5972
FETP kg 1,4-DCB 0.1286 0.0033 0.0096 0.0000 0.0080 0.0180
METP kg 1,4-DCB 0.1564 0.0060 0.0124 0.0000 0.0105 0.0235
HTP. kg 1,4-DCB 0.0288 0.0070 0.0091 0.0000 0.0088 0.0488
HTPnc kg 1,4-DCB 0.5287 0.1200 0.1748 0.0000 0.1371 0.2671
Lor m?a crop eq 0.0028 0.0105 0.0033 0.0000 0.0128 0.0023
SOpP kg Cu¢q 0.0021 0.0003 0.0007 0.0000 0.0015 0.0025
FFP kg oil o 0.0079 0.0576 0.0330 0.0000 0.0206 0.0180
WCP m? 0.0314 0.0003 0.0014 0.0000 0.0016 0.0011
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Figure 4. Life cycle assessment for the total amount of materials and inputs for Scenario 1.1: Frovi

greenhouse with symbiotic waste heat recovery per FU.

Structure

materials_Scenario 1.1
2.47 kg CO2 eq

Aluminium_barextruded
0.882 kg CO2 eq

Iron-nickel-chromium alloy
{GLO} | market for | Cut-off
0.162 kg CO2 eq

Electronic component, passive,
unspecified {GLO} |
0.37 kg CO2 eq

Flat glass, uncoated {RER} |
production | Cut-off
0.351 kg CO2 eq

Aluminium alloy AIMg3 {RER} |
production | Cut-off
0.792 kg CO2 eq

Iron-nickel-chromium alloy
{RoW} | market for | Cut-off
0.109 kg CO2 eq

Electronic component, passive,
unspecified {GLO} |
0.37 kg CO2 eq

Figure 5. Life cycle assessment for the total quantity of structure materials in kg CO; ¢q produced

(global warming impact category for Scenario 1.1) per FU.

The environmental impact per FU was also analyzed across different greenhouse

scenarios (Figure 6, Table 6) including the BAU greenhouses (Scenario 2 and Scenario 3),

Frovi’s greenhouse without symbiotic heat recovery (Scenario 1.2 and Scenario 1.3), and

Frovi’s greenhouse with symbiotic waste heat recovery system (Scenario 1.1, developed
within the CORALIS project).
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Figure 6. LCA comparison between greenhouses per FU.

Among these results, Scenario 1.1 has the highest environmental impact per FU,
mainly because the waste heat recovery system is included within its system boundaries.
In contrast, in other scenarios, the heating sources (natural gas or biomass) are outside
their boundaries, as they are not part of the greenhouse infrastructure, and are part of the
operational processes.

For BAU greenhouse, the most environmentally impactful materials and processes are
the production and transport of the aluminum, the flat glass panels, and the steel used in
structure components. These materials contribute significantly to Global Warming Potential
(kg COz ¢q) (see Figure 7).

Table 6. Life cycle assessment results for the comparison between the different greenhouses contem-
plated in the 5 scenarios per FU.

BAU Frovi Greenhouse

Impact Category Unit Greenhouse Frovi Greenhouse with Waste Heat
Recovery
GWP kg COz¢q 0.0528 0.0639 0.0701
ODP kg CFC11 ¢q 0.0000 0.0000 0.0000
IRP kBq Co-60 g 0.0030 0.0052 0.0057
HOFP kg NOx eq 0.0001 0.0002 0.0002
PMFP kg PM2.5 ¢q 0.0001 0.0002 0.0002
EOFP kg NOx eq 0.0001 0.0002 0.0002
TAP kg SOz eq 0.0003 0.0005 0.0005
FEP kg P eq 0.0000 0.0000 0.0000
MEP kg N eq 0.0000 0.0000 0.0000
TETP kg 1,4-DCB 0.2827 1.4358 1.6020
FETP kg 1,4-DCB 0.0119 0.0171 0.0180
METP kg 1,4-DCB 0.0149 0.0223 0.0236
HTP, kg 1,4-DCB 0.0284 0.0394 0.0490
HTPp kg 1,4-DCB 0.0881 0.2524 0.2680
Lor m?a crop eq 0.0014 0.0022 0.0023
SOP kg Cueq 0.0012 0.0020 0.0025
FFP kg oil ¢q 0.0136 0.0163 0.0181
WCP m? 0.0006 0.0010 0.0011
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Figure 7. Tree analysis of the greenhouse BAU, for the impact category global warming, per FU, in

kg CO; ¢q, for Scenario 2 and 3.

The analysis of the fertilizer production and application shows that the main contribu-

tor to environmental impact is the production of ammonia, which is utilized to synthesize

nitric acid that is later used in the manufacturing of calcium nitrate. This applies to all

scenarios (see Figures 8 and 9 for marine eutrophication impact category).

For the case of the emissions due to the process of fertilizing, the main contributor

for the marine eutrophication impact category is the emissions coming from the calcium

nitrate application due to its content of Nitrogen (0.0153 kg N ¢q per kg of this emission

and 0.000529 kg N ¢q per kg of tomato production (Figure 10)).

====
—:
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_Molybdenum trioxide {GLO}| market for | Cut-off, U

u _Copper concentrate, sulfide ore {GLO}| market for copper
concentrate, sulfide ore | Cut-off,U

m_Boron trifluoride {GLO}| market for | Cut-off, U

W _Zinc concentrate {GLO}| market for | Cut-off, U

B _Manganese concentrate {GLO}| market for | Cut-off, U

W _Potassium nitrate, agricultural grade {CL}| potassium nitrate
production, agricultural grade | Cut-off, U

u _Potassium chloride {RER}| market for potassium chloride | Cut-
off,U

® _Sodium phosphate {RER}| market for sodium phosphate | Cut-
off,U

W _Potassium sulfate (RER}| market for potassium sulfate | Cut-
off,U

B _Magnesium sulfate {(RER}| production | Cut-off, U (sin
transporte)

®_Dtpa, diethylenetriaminepentaacetic acid {RER}| market for
DTPA, diethylenetriaminepentaacetic acid | Cut-off, U

®_Calcium chloride {RER})| market for calcium chloride | Cut-off,
v

m _Calcium nitrate {RER}| market for calcium nitrate | Cut-off, U

Figure 8. Life cycle assessment for the fertilizer production and application, per FU, for all the

scenarios.
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Fertilizer and
chemical use per year
5.82E-04 kg N eq

Potassium nitrate, agricultural
grade {CL}| potassium
5.06E-05 kg N eq

Calcium nitrate {RER} | market
for calcium nitrate
5.29E-04 kg N eq

Figure 9. Tree analysis of the fertilizer and chemical use production (for marine eutrophication impact
category per FU, in kg N g, for all the scenarios studied).

Emissions from
fertilizing per year
5.76E-04 kg N eq

Fertilizing (emissions)
potassium nitrate
4.69E-05 kg N eq

Fertilizing (emissions) calcium
nitrate

5.29E-04 kg N eq

Figure 10. Tree analysis of the emissions from the fertilizing process (for marine eutrophication
impact category per FU, in kg N ¢, for all the scenarios studied).

The main environmental impact in substrate use (Figure 11) comes from transportation,
as the substrate is sourced from India and transported mainly by road to its final destination.

Sustrate use per year
0.167 kg CO2 eq

Coconut husk {GLO} | market for
coconut husk
0.167 kg CO2 eq

Transport, freightlorry,
unspecified {GLO} | market group
0.167 kg CO2 eq

Figure 11. Tree analysis of the substrate use per FU (for the impact category of global warming in kg
CO3 ¢q), for Scenario 1.1, 1.2, and 1.3.

For the electricity input, the energy supplier mix is 100% hydropower, 12.71 kWh
is consumed per kg of tomatoes, and 0.0921 m? of water is consumed in the electricity
high voltage, due to the gravel extraction and steel production for the hydropower plant
construction (Figure 12).
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Electricity, high voltage {SE}|
market for
0.0921 m3

Electricity, high voltage {SE}
electricity production
0.0915 m3

IRl erpIoN v LT, ety Hydropower plant, run-of river

non-alphine 0.000563 m3
0.000247 m3

Figure 12. Tree analysis of the electricity high-voltage production used in Scenario 1.1, per FU (for
the impact category of water consumption in m3).

When analyzing Scenario 1.2 (Figure 13, Table 7. Life cycle assessment results (energy
processes) for Scenario 1.2 per FU) and Scenario 1.3 (Figure 14, Table 8. Life cycle assessment
results for Scenario 1.3 (heat natural gas process) per FU), in addition to the main impact
contributors already identified in Scenario 1.1, the heat produced by biomass (Scenario 1.2)
and by natural gas (Scenario 1.3) emerges as a major factor in the Global Warming Potential
impact category. However, using biomass as a heat source results in lower environmental
impact than using natural gas in this category.

Occupation land SE
= Land use change_Greenhouse
Land preparation & construction
1 Greenhouse Frovi
¥ Solide waste
M Tomato seedling
H Fertilizer and chemicals use
u Waste water
¥ Emissions from fertilizing
B Other supportive equipment
® Carbon dioxide
® Heat MJ_biomass

M Substrate use

M Electricity use

m Water consumption

Figure 13. Life cycle assessment for Scenario 1.2 of Frovi’s greenhouse with heat from biomass
per FU.
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Table 7. Life cycle assessment results (energy processes) for Scenario 1.2 per FU.

Impact Category Unit SE Electricity Mix Heat Biomass
(Same as Scenario 2) (Same as Scenario 2)
GWP kg COzeq 0.2178 0.0284
ODP kg CFC11 g 0.0000 0.0000
IRP kBq Co-60 eq 1.4120 0.0020
HOFP kg NOx g 0.0006 0.0008
PMFP kg PM2.5 ¢q 0.0004 0.0002
EOFP kg NOxeq 0.0006 0.0008
TAP kg SOzeq 0.0009 0.0006
FEP kg P eq 0.0001 0.0000
MEP kg N oq 0.0000 0.0000
TETP kg 1,4-DCB 41312 0.8119
FETP kg 1,4-DCB 0.1391 0.0017
METP kg 1,4-DCB 0.1702 0.0028
HTP, kg 1,4-DCB 0.0405 0.0036
HTPp kg 1,4-DCB 0.8535 0.1927
LOP m?a crop q 0.0594 0.2154
SOP kg Cueq 0.0036 0.0002
FFP kg oil eq 0.0376 0.0070
WCP m3 0.0262 0.0002

Occupation land SE

# Land use change_Greenhouse
Land preparation & construction

" Greenhouse Frévi

H Waste water

B Solide waste

M Emissions from fertilizing

® Tomato seedling

W Fertilizer and chemicals use

B Other supportive equipment

H Carbon dioxide

m Heat MJ natural gas

M Substrate use

M Electricity use

m Water consumption

Figure 14. Life cycle assessment for Scenario 1.3 for Frovi’s greenhouse with heat from natural gas

per FU.

Scenario 2 (Figure 15) indicates that the Swedish electricity mix (Table 7) has a lower
environmental impact compared to the Dutch electricity mix. Meanwhile, the transport of
tomatoes from the Netherlands to Sweden in Scenario 3 (Figure 16 and Table 9) represents
a considerable impact, which is avoided in all other scenarios. However, in Scenario
1.1, the waste heat recovery system increases the impact associated with the greenhouse
infrastructure. Despite this, its overall impact is offset by the avoided heat production from

biomass (Scenario 1.2) and natural gas (Scenario 1.3).
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Table 8. Life cycle assessment results for Scenario 1.3 (heat natural gas process) per FU.

Heat Natural Gas (Same as

Impact Category Unit Scenario 3)
GWP kg COz¢q 0.8898
ODP kg CFC11 ¢q 0.0000

IRP kBq Co-60 g 0.0114
HOFP kg NOx eq 0.0005
PMFP kg PM2.5 ¢q 0.0002
EOFP kg NOx eq 0.0006

TAP kg SOz eq 0.0007

FEP kg P oq 0.0000

MEP kg N eq 0.0000
TETP kg 1,4-DCB 0.3209
FETP kg 1,4-DCB 0.0058
METP kg 1,4-DCB 0.0078
HTP. kg 1,4-DCB 0.0104
HTPpc kg 1,4-DCB 0.0960

LOP m2a Crop eq 0.0047

sor kg Cueq 0.0005

FFP kg oil oq 0.3204
WCP m3 0.0005

Occupation land SE
© Land use change_Greenhouse
Land preparation & construction
W Greenhouse BAU
u Waste water
M Solide waste
® Emissions from fertilizing
W Tomato seedling
W Fertilizer and chemicals use
W Other supportive equipment
® Carbon dioxide
® Heat M)_biomass

B Substrate use

B Electricity use

o Irrigation BAU

Figure 15. Life cycle assessment for Scenario 2 for BAU greenhouse in Sweden, per FU.
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Occupation land NL
Land use change_Greenhouse
Transport from NL to SE
Land preparation & construction
Greenhouse BAU
B Waste water
B Solide waste
B Emissions from fertilizing
B Tomato seedling
W Fertilizer and chemicals use
B Other supportive equipment
B Carbon dioxide
M Heat M) natural gas

B Substrate use

B Electricity use

u Irrigation BAU

Figure 16. Life cycle assessment for Scenario 3 for BAU greenhouse in the Netherlands, per FU.

Table 9. Life cycle assessment results for Scenario 3 (NL electricity mix and transport from NL to SE)

per FU.
Impact Category Unit NL Electricity Mix Transportsféom NLto
GWp kg COzeq 2.5470 0.2568
oDP kg CFC11 ¢q 0.0000 0.0000
IRP kBq Co-60 ¢q 0.2149 0.0061
HOFP kg NOx eq 0.0032 0.0004
PMFP kg PM2.5 oq 0.0013 0.0002
EOFP kg NOx eq 0.0032 0.0004
TAP kg SOz eq 0.0038 0.0005
FEP kg Peq 0.0013 0.0001
MEP kg N ¢q 0.0001 0.0000
TETP kg 1,4-DCB 5.9513 4.6868
FETP kg 1,4-DCB 0.1976 0.0051
METP kg 1,4-DCB 0.2493 0.0093
HTP. kg 1,4-DCB 0.1146 0.0105
HTPpe kg 1,4-DCB 2.4440 0.1792
LOP m?a crop eq 0.0406 0.0138
SOP kg Cu g 0.0039 0.0005
FFP kg oil oq 0.7051 0.0886
WCP m® 0.0204 0.0004

3.2. LCC Evaluation

The most significant Capital Expenditures (CapEXx) are related to infrastructure and
functionality, while the main Operational Expenditures (OpEx) are associated with person-
nel and energy costs.

Figures 17 and 18 present the financial structure of the project, detailing the distribution
of Capital Expenditures (CapEx) and Operational Expenditures (OpEx).
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5.27%
2.65%

19.94%

10.31%

2.58%

1.79%
2.05%

0.84%

1.71%
19.6%

18.27%

9.94% 059 0.1%
B Land acquisition Investment for electricity generation and distribution
B Civil works, engineering and supervision B Logistics and transportation
B Financial cost O Investment for CO2 recycling
B Groundworks O Investment for heat generation and distribution
B Preparation of land O Personnel costs
B Greenhouse building materials O Waste operations
B Investment for irrigation system O Other costs
B Machinery investment cost

Figure 17. Capital Expenditures—CapEx for Frovi Greenhouse.

30.2%

24.9%

6%

4%

3.1%

/1.4%
49
6,99 0.998 4%
9.1% e
B Personnel B Water
@ Energy use @ Supportive equipment
B Equipment replacement @ CO,
B Harvesting process m Fertilizing
B Maintenance of greenhouse O Cultivation substrate and starter plants
B Insurance

Figure 18. Annual Operating Expenditures—OpEx for Frévi Greenhouse.

Figure 19 illustrates the differences in production costs per kg of tomatoes across the
analyzed scenarios. The results indicate that production costs range from €1.149 /kg (Sce-
nario 2) to €1.584/kg (Scenario 3), highlighting the economic trade-offs between sustainable
and conventional greenhouse practices.
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Production cost of 1kg tomato (€/kg)

1.584
1291 1.322
. I 1.212 1.149
Scenario 1.1 Scenario 1.2 Scenario 1.3 Scenario 2 Scenario 3

Figure 19. Production cost of 1 kg of tomatoes (€/kg) in different scenarios.

Scenario 1.1 (€1.221/kg) has a relatively low production cost, benefiting from 100%
hydropower electricity supplied locally and waste heat from the pulp and paper mill.
However, it is slightly more expensive than Scenario 1.3 (€1.212/kg), due to Capital Expen-
ditures, and Scenario 2 (€1.149/kg), which achieve lower costs due to their specific energy
configurations. Scenario 1.2 (€1.322/kg) shows a moderate cost increase due to its depen-
dence on the Swedish energy mix (SE mix), which combines renewable and non-renewable
sources. Scenario 1.3, which relies on natural gas for heating, is more cost-efficient than
Scenario 1.1.

Scenario 2 (€1.149/kg), representing a typical Swedish greenhouse, closely aligns with
Scenario 1.3, reflecting similar energy dependencies and efficiencies. Scenario 3 (€1.584/kg),
the most expensive scenario, represents the Dutch greenhouse model, which relies on
energy-intensive operations, mainly using natural gas, leading to higher economic costs
and environmental impacts.

These findings highlight that while Scenario 1.1 benefits from renewable and waste-
based energy sources, Scenario 1.3 and Scenario 2 offer lower costs for greenhouse tomato
production in Sweden.

4. Discussion

The present work has been dedicated to analyzing the environmental and economic
impact of the CORALIS project through the study of a demo case where different industrial
symbiotic solutions have been tested, with a focus on the demonstration of recycling of
low-grade waste heat for ambient heating in a tomato greenhouse.

The innovative tomato greenhouse demo case constructed in Frovi, Sweden shows
that there are both environmental and economic benefits when comparing the industrial
symbiotic scenario with the rest of the scenarios included in the study. The main findings
from this study are the following;:

e  The LCA results demonstrate significant reductions in environmental burdens across
key impact categories (in fact, 17 out of 18 environmental impact categories are in-
cluded in the LCA, when the symbiotic scenario (1.1) is compared with the Netherlands
BAU scenario (3)).

e The total avoided GHG emissions of the symbiotic scenario (Scenario 1.1), compared
with the Netherlands BAU scenario (Scenario 3) are 3.382 kg CO, equivalents per kg
of tomatoes produced, or 29,270 tons of CO; equivalents yearly when considering the
30-year estimated lifespan of the greenhouse. When compared with the rest of the
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scenarios the GHG emissions avoided are less, but still the symbiotic scenario is the
least impacting with respect to the Global Warming Potential impact.

e The total water consumption per kg of tomatoes is 9% higher (0.003 m3/kg tomatoes)
when the symbiotic scenario (Scenario 1.1) is compared to the Netherlands BAU
scenario (Scenario 3).

e  The total fossil resources used per kg of tomatoes is 87% lower (1.07 kg of oil equiv-
alent/kg tomatoes) when the symbiotic scenario (Scenario 1.1) is compared to the
Netherlands BAU scenario (Scenario 3), when the greenhouse is heated mainly by
waste heat from the pulp and paper as expected.

e The LCC indicated that when comparing all the scenarios, the average Swedish
greenhouse scenario (Scenario 2) had the lowest production costs.

e The LCC also highlighted that the greenhouse building materials, machinery invest-
ment, and investment for heat generation and distribution costs accounted for the
largest portions of the Frovi project CapEx (combined 57.8%). The LCC also indicated
that the personnel and energy costs accounted for the largest portions of OpEx (com-
bined 57%) for the Frovi project. Therefore, these can be understood as key leverage
points for further reducing the CapEx and OpEx in similar future symbiosis projects,
conceptualized in the literature.

LCA has been proven to be an effective methodology/tool to evaluate and compare
the environmental impacts/benefits of IS scenarios versus BAU scenarios, aligned with
previous works where it is used to evaluate the benefit of applying IS in an energy-intensive
industrial park in China [17,41]. LCA and LCC are instruments proposed to overcome
economic uncertainty in future investments within an IS context in the work of Mainar-
Toledo et al. (2022) [17].

Examples of future explorations could be to look into how organic fertilizers” impact
would decrease if waste heat from other facilities in the proximity could be used to replace
heat from fossil fuels [42]. The Frovi LCA and LCC example also highlights that it is a
viable option to utilize waste heat other than for replacing fossil fuels from local heating
systems [26], while assessing the emission reduction potential of biofuels in Sweden.

Other interesting analyses to pursue for the case of Frévi are applications to use the
low-grade waste heat for drying purposes when the waste heat from the pulp and paper is
not needed, such as is the case during the summer period. Previous studies have pointed
to the potential of waste heat for decreasing the environmental impacts from different
production processes, where the recovery of low-grade heat could potentially improve
the environmental performance of the coking industry, mainly through heat recovery for
preheating coal [25]; others have suggested that using waste heat from other industrial
processes for drying and wet extraction processes would improve the energy demands of
the algal biofuel production facility [43].

5. Conclusions

This LCA and LCC assessment applied to a real IS demonstrator intended to assess
the environmental and economic impacts of low-grade waste recycling, thus filling the gap
in the literature for real case analysis of symbiosis developments. The results obtained at
Frovi demonstrate the following:

1.  The IS model is economically and environmentally viable, when speaking about
recovering waste heat from a near industrial facility and when the greenhouse and its
systems perform as expected.

2. The LCA indicated that greenhouse building materials were a key contributor to
environmental impact, which highlights the importance of material choices in early
project design stages.
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3. The LCA also indicated that the waste heat symbiotic scenario had a significant
environmental impact related to the waste heat pipe infrastructure and water pipe
infrastructure when compared with the generic Sweden scenario (Scenario 2) and the
generic Netherlands scenario (Scenario 3).

4. While the symbiotic scenario (Scenario 1.1) performed better than the generic Nether-
lands scenario (Scenario 3) in 17 out of 18 impact categories, the other scenarios
(Scenarios 1.2, 1.3, and 2) indicated that there are some areas of potential improve-
ment for future similar projects.

5. The solution established for the present study shows that the waste recovery system
helps to reduce both the environmental impacts and the economic impacts of the
tomatoes produced in Frovi’s greenhouse.

6. Additionally, the Frovi tomato greenhouse avoids environmental and economic im-
pacts related to the use of natural gas for heating and related to the transport from the
Netherlands to Sweden required in the BAU Netherlands scenario (Scenario 3).

This research presents a novel application of LCA and LCC to an industrial symbiosis
case in greenhouse agriculture, demonstrating the dual benefits of waste heat recovery
in terms of both environmental and economic performance. The findings provide robust
evidence that IS can be a viable strategy for decarbonizing agricultural heating systems,
reducing operational costs, and improving energy efficiency. This approach serves as a
replicable model for future implementations of IS in different sectors, particularly in regions
aiming to optimize resource use and transition towards more circular economies.

Nevertheless, further research is needed to explore IS projects on a larger scale. Future
studies should analyze and compare additional waste heat reuse scenarios, considering
different heat source temperatures, geographical contexts, and agricultural applications be-
yond greenhouse tomato production, such as protein, shrimp, or fish farming. Additionally,
validating these findings with real operational data, rather than estimated values, would
strengthen the robustness of the conclusions and enhance their applicability in real-world
industrial symbiosis strategies.

Despite these promising results, several barriers could limit the large-scale adoption
of waste heat recovery in greenhouse agriculture. The high initial investment (CapEx)
required for infrastructure, such as heat transport pipelines and greenhouse adaptation,
poses a significant challenge, particularly in the absence of financial incentives. Addi-
tionally, the geographical proximity between heat suppliers and greenhouse operations is
crucial, as long-distance heat transport can reduce efficiency and increase costs. Regulatory
constraints also play a key role, as policies governing energy use, waste heat valorization,
and agricultural production may not fully accommodate industrial symbiosis solutions.

Moreover, energy price volatility could affect the long-term economic viability of these
systems, requiring further research into mechanisms that could mitigate financial risks,
such as subsidies, carbon pricing incentive, or long-term energy purchase agreements.
Future research should explore these aspects to better understand how policy support,
business model innovation, and stakeholder collaboration can enable broader adoption of
industrial symbiosis strategies for sustainable greenhouse production.
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The following abbreviations are used in this manuscript:

BAU Business-As-Usual

CapEx  Capital Expenditures

CHP Combined Heat and Power Plant

EOFP  Ozone formation, terrestrial ecosystems

FEP Freshwater eutrophication
FETP Freshwater ecotoxicity
FFP Fossil resource scarcity
FU Functional unit

GLO Global

GWP Global warming

HOFP  Ozone formation, human health
HTPc  Human carcinogenic toxicity
HTPnc Human non-carcinogenic toxicity
IRP Ionizing radiation

IS IS

LCA Life Cycle Assessment

LCC Life Cycle Cost

LCI Life Cycle Inventory

LOP Land use

MEP Marine eutrophication

ODP Stratospheric ozone depletion
OpEx  Operational Expenditure

PMFP  Fine particulate matter formation

SE Swedish
SOP Mineral resource scarcity
TAP Terrestrial acidification

TETP  Terrestrial ecotoxicity
RER Rest of Europe and other regions
WCP Water consumption
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Appendix A

Table A1. Inventory related to structural materials, heating system, lighting system, irrigation system,
electricity generators, and construction waste (input).

Type of Material Amount Unit
Structural materials 6,886,735.90 kkg
Heating system 453,727.46 kg
Lighting system 130,297.00 kkg
Irrigation system 18,113.10 kg
Electricity generators 3580.00 kg
Construction waste 141,040.00 kg
Land preparation and construction energy 570,262.00 L
consumption 281,875.00 kWh
Transportation of building materials 3,741,284.00 ton-km
Tomato yield data 85.00 kg/m?/year

Table A2. Inventory related to tomato production data (input).

Type of Material Amount Unit
Fertilizers and chemicals 534,815.00 kg/year
Water use 220,000,000.00 L/year
Energy use 37,200,000.00 kWh/year
Tomato plants 175,000.00 number of plants
Substrate use 7,000,000.00 m3/year
Other supportive equipment 17,000.00 kg/year
Other main inputs 100,000,000.00 M]/year
CO;, for plant growth 1,700,000.00 kg/year

Collection process and packaging

process 82,600.00 kg/year

Table A3. Inventory related to waste generation and treatment, estimations (input).

Type of Material Amount Unit
Liquid waste 121,000.00 L/year
Solid waste 509,875.00 kg/year
Volumetric waste 450.00 m3/ year
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Abstract: Under the dual imperatives of air pollution control and energy conservation, this
study proposes an enhanced optimization framework for combined heat and power (CHP)
district heating systems based on bypass thermal storage (BTS). In contrast to conventional
centralized tank-based approaches, this method leverages the dynamic hydraulic charac-
teristics of secondary network bypass pipelines to achieve direct sensible heat storage in
circulating water, significantly improving system flexibility and energy efficiency. The core
innovation lies in addressing the critical yet under-explored issue of control valve dynamic
response, which profoundly impacts system operational stability and economic perfor-
mance. A quality regulation strategy is systematically implemented to stabilize circulation
flow rates through temperature modulation by establishing a supply-demand equilibrium
model under bypass conditions. To overcome the limitations of traditional feedback control
in handling hydraulic transients and heat transfer dynamics in the plate heat exchanger, a
Model Predictive Control (MPC) framework is developed, integrating a data-driven valve
impedance-opening degree correlation model. This model is rigorously validated against
four flow characteristics (linear, equal percentage, quick-opening, and parabolic) and crit-
ical impedance parameters (maximum/minimum controllable impedance). This study
provides theoretical foundations and technical guidance for optimizing secondary net-
work heating systems, enhancing overall system performance and stability, and promoting
energy-efficient development in the heating sector.

Keywords: bypass thermal storage; control valve dynamics; model predictive control;
valve opening characteristics; network optimization

1. Introduction

With the intensification of global environmental issues, atmospheric pollution mitiga-
tion and energy conservation have become core priorities for the international community.
In the energy sector, combined heat and power (CHP) systems have been widely adopted
in large-scale district heating projects due to their high energy efficiency [1,2]. Current
research on improving the flexibility of heating systems predominantly focuses on external
thermal storage devices [3]. For example, Benalcazar et al. developed a Mixed-Integer
Linear Programming (MILP) model to jointly optimize thermal storage tank capacity and
annual operational scheduling in CHP systems [4]. Wang et al. quantified the flexibility
enhancement of CHP systems through a dynamic model integrating heat pumps, ana-
lyzing the decoupling effects of electro-thermal strategies [5]. Although these standalone
thermal storage methods partially resolve the spatiotemporal conflicts between heat plant
operations and heating demands, they involve high hardware investment costs and spatial
limitations. The proposed bypass thermal storage (BTS) technology offers a novel path-
way for optimizing heating systems. Wang et al. maximized thermal storage benefits by
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reconfiguring the topology of district heating networks (DHNSs), and implementing bypass
branches on the primary side of heat exchange stations [6]. This approach directly utilizes
the sensible heat of circulating water in pipelines to store surplus thermal energy from
power plants, bypassing traditional reliance on standalone tanks. Kouhia et al. further
quantified the technical potential of DHNs as short-term thermal storage media, confirming
the economic feasibility of BTS in enhancing CHP system flexibility [7]. Compared to con-
ventional solutions, BTS technology actively designs bypass pipelines to store excess heat in
the circulating water of heating networks, achieving intraday load shifting without requir-
ing large-scale storage equipment. This reduces the required capacity of peak-shaving heat
sources, lowers system construction costs, and improves energy efficiency by shortening
heat source operation time. Additionally, BTS reconstructs the operational paradigm of heat
exchange stations through hydraulic decoupling: traditional stations suffer from mutual
interference due to hydraulic coupling, while bypass pipelines establish pressure buffer
interfaces, enabling independent control of each station and enhancing supply-demand
balance accuracy [8].

As critical infrastructure, the thermal storage capacity of DHNs depends on parame-
ters such as pipeline water volume and baseline supply/return temperatures [9]. These
networks exhibit higher flexibility and environmental adaptability than traditional thermal
storage tanks. In large-scale systems, indirect connections typically divide DHNSs into
primary networks (heat source to exchange stations) and secondary networks (exchange
stations to end-users). Secondary networks directly serve users, and their operational char-
acteristics and control strategies significantly impact heating quality and energy efficiency.
Although primary network bypass technology improves flexibility through hydraulic de-
coupling, the high initial investment limits its widespread adoption. Therefore, this study
focuses on secondary networks and their key control technologies.

In practical operations, achieving a supply-demand balance at heat exchange stations
is essential for maintaining heating quality [10]. However, due to inherent time delays, con-
ventional feedback control struggles to adapt to rapid load variations and thermal source
fluctuations. This study proposes a Model Predictive Control (MPC) strategy. MPC enables
proactive adjustments by constructing a thermodynamic model to predict disturbance
impacts and optimizing valve opening commands using real-time pipeline temperature
and user load data. Recent studies have explored similar approaches: Knudsen et al.
implemented an MPC-based coordinated thermal storage/discharge control strategy, re-
ducing pressure fluctuations to 3% and response times to 15 s in a Danish heat exchange
station [11]. X et al. developed a lightweight MPC algorithm (delay < 50 MS) integrated
with a digital twin platform, improving dynamic response speeds by 40% [12]. Existing
research primarily optimizes control methods and operational stability, whereas this study
emphasizes valve control performance to enhance supply—demand balance accuracy. No-
tably, mechanical limitations (e.g., dead zones, hysteresis) cause random fluctuations in the
openings of heat exchange control valves and bypass control valves around their setpoints.
These fluctuations induce flow deviations and pressure differential variations across bypass
control valves, ultimately affecting secondary network supply temperatures and disrupting
thermal balance [13].

This study investigates two valves regulating bypass flow and heat exchange flow
(specifically the heat exchange control valve and bypass control valve, hereafter collectively
termed “control valves”) to analyze their flow characteristics and critical parameters (e.g.,
maximum/minimum controllable impedance) [14] on the supply—demand balance of ther-
mal substations, with numerical quantification of these effects. The findings will provide
theoretical and technical guidance for optimizing secondary network control strategies,
advancing the heating industry toward efficient, low-carbon, and stable operations.
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2. Technical Methodology

As shown in Figure 1, this figure illustrates the logical flow of the parameter calcula-
tion for control valves, with the calculations performed using MATLAB R2022a software.
The process is divided into theoretical parameter calculation and actual parameter cal-
culation, followed by an evaluation of the valve control accuracy. Below is a detailed

logical description:

Theoretical Parameter Calculation Actual Parameter Calculation
of Control Valves of Control Valves
= o Actual Opening Degree
Primary Heating Network Temperature Actual Opening Degree
of Heat Exchange
ml of Bypass Control Valves
Control Vaives
Lo Lier w torefs Uhref
Flow Distribution and Secondary Network Supply Water
Temperature
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Si
Impedance Distribution Flow Distribution of
Impedance Distribution Flow Distribution of
of Heat Exchange Heat Exchange Control
of Bypass Control Valves Bypass Control Valves
Control Valves Valves
H Optimized H H H
n Characteristic n
St Parameters Spmax
Sin S i
Optimized Flow
Characteristics
Secondary Network Secondary Network
Opening Degree of Heat Opening Degree of
Actual Supply Water Actual Supply Water
Exchange Control Valves Bypass Control Valves
Temperature Temperature
] 1

N7 N

Control Accuracy of Valves

Figure 1. The logical diagram of this article.

2.1. Theoretical Parameter Calculation Section

The theoretical parameter calculation is performed under ideal conditions, assuming
that the valves have no dead zone and all parameters can be precisely controlled. This
calculation provides benchmark data for evaluating the performance of the valves and the
balance state of the network under ideal conditions. Through Formulas (1)-(4), (7), (9),
and (12), the theoretical flow distribution, impedance distribution, valve opening degree,
and secondary network supply water temperature are calculated, providing a reference for

subsequent practical applications.
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2.2. Actual Parameter Calculation Section

In practical applications, the valves have a dead zone, causing the actual opening
degree to fluctuate near the set value. This directly affects the flow distribution and
the secondary network’s supply water temperature. Therefore, the actual parameter
calculation, based on the theoretical parameters, takes into account the influence of the
dead zone. Through Formulas (13) and (14), the flow distribution is recalibrated, and
through Formula (15), the actual supply water temperature of the secondary network is
calculated. This process is closer to the real operating environment and can reflect the
dynamic balance state of the actual network.

2.3. Comparison and Evaluation

By comparing the results of the theoretical parameter calculation and the actual
parameter calculation, the impact of the valve dead zone on the network balance can be
quantified [15]. Comparing the flow distribution calculated theoretically and actually, the
range of flow fluctuations caused by the dead zone can be assessed. Through Formula (12),
the deviation of the secondary network supply water temperature between the theoretical
and actual calculations can be evaluated. Based on the comparison results of the theoretical
parameter calculation and the actual parameter calculation, the control accuracy of the
control valves can be comprehensively evaluated [16]. Through quantitative analysis, the
optimal working conditions and applicable range of the valves can be identified, providing
a scientific basis for the selection and design of the valves, ensuring that they meet the
required performance standards in practical applications. This evaluation process not only
helps to improve the control accuracy of the system but also provides valuable data support
for subsequent optimization design.

3. Thermal Storage Scheme for Secondary Network Bypass Pipelines

Supply-Demand Balance Regulation of Thermal Substations under Secondary Net-
work Bypass Conditions.

As illustrated in Figure 2, the circulation flow rate on the primary side of the plate heat
exchanger (PHE) remains constant, a configuration designed to ensure system stability and
operational reliability. Maintaining a steady primary-side flow rate is critical for preserving
thermal equilibrium and operational efficiency, thereby mitigating instability and potential
equipment damage caused by flow fluctuations [17]. For secondary network regulation,
constant flow control (i.e., mass regulation) is implemented, ensuring hydraulic stability
by minimizing pressure oscillations and hydraulic imbalances induced by flow variations.
This approach guarantees a consistent heating service quality for end-users. Under this
control strategy, the secondary network supply temperature exhibits a convergence trend
toward the set point, while the return water temperature remains nearly constant, reflecting
the thermal inertia of buildings [18]. Furthermore, the PHE's equivalent impedance in the
secondary network is constant, enabling precise prediction and assessment of its hydraulic
impacts during system design and commissioning [19].
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Figure 2. Schematic diagram of supply—-demand balance regulation for thermal substations under

secondary network bypass conditions.

4. Research on Thermal-Hydraulic Parameters and Control Valve
Characteristics of PHE
4.1. Thermal-Hydraulic Parameters of PHE

When circulation pumps operate at a fixed frequency, the equivalent impedance
between points a and b remains constant, ensuring a stable secondary network circulation
flow rate. During pump frequency adjustments, thermal substations dynamically adjust
the impedance of the heat exchange control valve and bypass control valve to maintain
constant heat transfer power in the plate heat exchanger. Since the heat supply on the
demand side remains constant, the set heat supply equals the heat transfer capacity flowing
through the heat exchange pipes. The heat flow ratio and heat exchange output temperature
are calculated using the Equation (1):

Cp& (tg,ref - th,ref) = Cpﬁg<i‘g* — th,ref)
§PLMTD,,; = (Bg)"LMTDx M
Tg* Ty = gref — Th,ref = ATref

Symbol definitions in Equation (1): ¢, is specific isobaric heat capacity of water,
J/(kg-°C); g is mass flow rate of heated water through the heat exchange, kg/s; tg s is
baseline supply temperature of the secondary network, °C; t;, , is baseline return tempera-
ture of the secondary network, °C; B is heat exchange flow ratio on the secondary side of
the plate heat exchanger (dimensionless); to* is heat exchange output temperature, °C; B
is empirical coefficient (constant value B = 0.3); LMTD is logarithmic mean temperature
difference, °C; Ty s is baseline supply temperature of the primary network, °C; Tj,  is
baseline return temperature of the primary network, °C; T,* is actual supply temperature
of the primary network, °C; T},* is actual return temperature of the primary network, °C.

The logarithmic mean temperature difference (LMTD) is calculated using Equation (2)

(Tgres—tgres) = (Thres —threr)

LMTD,ef = 1 Tqrejftqrej
n Tg’ 7['&’
hyref ~thref (2)
To*—te™ ) — (T, " —t
LmrD* = Tt )Tg*(,tz* b
n Th*fth,ref
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Based on Equations (1) and (2), the quantitative expressions for the relative heat trans-
fer coefficient and the adjusted logarithmic mean temperature difference are formulated as

Equation (3).
K* = pB
LMTD* = (rg*itg,)i(’rh*ith,ref) (3)
In gt
Th*fth,rff

4.2. Control Valve Impedance

In the calculation of heating network impedance, the equivalent impedance between
points a and b remains constant. This impedance value corresponds to the original pipeline
(i.e., the equivalent impedance of the secondary network without the addition of a bypass
pipe). After topological reconstruction, the new equivalent impedance consists of two parts:
one is the equivalent impedance of the heat regulation valve and plate heat exchanger
in series in the secondary network; the other is the impedance of the bypass control
valve. These two parts of the impedance are ultimately combined in parallel to form the
reconstructed equivalent impedance.

Impedance Calculation for Heat Exchange and Bypass Control Valves under Different
Primary Network Supply Temperatures.

(S +5) %+ (5,7) "7 = (S +51)°°
B (S \%° 4
5 = (usts)

Symbol definitions in Equation (4): Sj, is the equivalent impedance of plate heat
exchanger in secondary network; S;* is impedance of the heat exchange control valve; 5,*
is impedance of bypass control valve.

4.3. Valve Opening for Different Flow Characteristics

Control valves play a critical control function in heating systems, where their operation
fundamentally relies on precise valve opening adjustments. In practical heating scenarios,
the impedance characteristics of control valves significantly influence the fluid flow dynam-
ics within the network [20]. Changes in valve opening directly alter impedance, thereby
affecting flow distribution and heat transfer efficiency across the system. To achieve effi-
cient and accurate regulation, it is essential to establish a quantitative relationship between
valve impedance and opening.

Control valves exhibit distinct flow characteristic curves, such as linear flow character-
istic, equal percentage flow characteristic, quick-opening flow characteristic, and parabolic
flow characteristic [21]. By analyzing and comparing valves with different flow charac-
teristics, combined with the specific parameters of the heating system (e.g., temperature
range, pressure differentials, and load variations), the most suitable flow characteristic
can be selected to optimize system performance [22]. Control valves are defined by two
independent parameters: maximum controllable impedance and minimum controllable
impedance. Systematic optimization of these parameters ensures the valve meets opera-
tional requirements. In real-world applications, deviations between actual valve opening
and theoretical valve opening are inevitable. By comparing these values under various
operating conditions, error data can be collected and analyzed to identify error distribution
patterns and primary influencing factors [23].
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4.3.1. Flow Characteristics of Heat Exchange Control Valves

p= ©)

Q%)
\/(1 —So) [G(C)]z + 5o

Symbol definitions in Equation (5): Q(¢) is functional expression of relative flow vs.
relative opening; R is an adjustable ratio; ¢ is relative opening; Sy is valve authority.

dQ) _ =
i) — '@

By substituting Equation (6) into Equation (5), the quantitative relationship between
the opening and impedance of the heat exchange control valve is derived, as shown in

(6)

Equation (7).
1-n
|: Sv :| 2 7R”_1
-2 v—
gt* = F 1_1)1{;17] (7’1 # 1) (7)

gt* = %IOgRt [#} + 1 (7’1 = 1)

4.3.2. Flow Characteristics of Bypass Control Valves

Q _ Sp,min (8)
Qmax Sp *

Symbol definitions in Equation (8): S, is full-open impedance of bypass con-

trol valve.
By substituting Equation (8) into Equation (6), the quantitative relationship between
the valve opening and impedance of the bypass control valve is derived, as shown in

Equation (9).
1-n
* S min/s * T_Rn71
g = Ceminlip L7 (n#1) o
« _ |5 _ 18(Sp")~18(Spmin) _
Gpt =12 i5(®,) /2 (n=1)

4.4. Characteristic Parameters

The independent parameters defining the regulation characteristics of a control valve
are the maximum controllable impedance and minimum controllable impedance. The
impact of each parameter on the regulation performance is analyzed. As shown in
Equation (11), an increase in the equivalent impedance of the plate heat exchanger in
the secondary network reduces the valve authority, leading to a significant distortion in the
valve’s flow characteristics. In practical applications, the valve authority should not be less

than 0.3 [24].
Qmax AP / Smin Smax
R — — - 10
Qmin \/AP / Smax Smin ( )

Symbol definitions in Equation (10): Quy is maximum flow rate through the control

valve; Qi is minimum flow rate through the control valve.
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The relationship between the valve authority and impedance of the control valve is
expressed in the Equation (11).

S .
Sy — ——mn__ 11
Smin + Sh ( )

Symbol definitions in Equation (11): S,,;;, is minimum controllable impedance of the

control valve; S, is equivalent impedance of the plate heat exchanger in the secondary
network.

5. Quantitative Analysis of Valve Control Accuracy
Control Accuracy Calculation

Variations in the actual valve opening alter the flow rate and pressure differential
across the bypass control valve, thereby affecting the supply—demand balance of the heat
exchange station [25]. This metric quantifies the fluctuation amplitude of the secondary
network temperature caused by the valve dead zone, with its calculation formula provided
in Equation (12).

VA = [(ty—tg") + (1 — t5")7] 12 (12)

Symbol definitions in Equation (12): VCA—Valve Control Accuracy; t,’ and t,” are

secondary network supply temperature corresponding to the actual valve opening;
Flow Distribution Formula for Heat Exchange Control Valve Opening in Equation (13).

[(l*Rn71)€+Rn71] 1ln

p= — m#1)
Joosalo-renger] B s, )
_ R(E-1) B
b= V(1-5,)R2GD s, (n=1)

The relationship between valve opening and flow distribution is expressed as

Equation (14):
-1
= [ 05 ; T +1 (n#1)
(Sp,min) ’ [(1*Rnfl)ép*j1Rnfl] -1 _1q (14)
— 1
p= [(Sp,mm)o'SngP*l +1 (n=1)

Based on Equations (1) and (3), the secondary network supply temperature is derived
as follows Equation (15):
ts" =40+10/p (15)

6. Results and Discussion
6.1. Calculation of Related Parameters

The heat output temperature, heat flow ratio, relative heat transfer coefficient, and ad-
justed logarithmic mean temperature difference (LMTD), calculated using

Equations (1) and (3), vary with the primary network heating temperature as shown in
Figure 3.
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Figure 3. Temperature-dependent curves of related parameters. (a) Heat output temperature vs.
temperature curves; (b) Heat flow ratio vs. temperature curves; (c) Relative heat transfer coefficient
vs. temperature curves; (d) Logarithmic mean temperature difference (LMTD) vs. temperature

curves.

As derived from Equation (4), the impedance of heat exchange and bypass control
valves varies with the primary network supply temperature, as shown in Figure 4.
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Figure 4. Temperature-dependent impedance curves of control valves. (a) Impedance vs. temper-
ature curves for heat exchange control valves; (b) Impedance vs. temperature curves for bypass

control valves.
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6.2. Heat Exchange Control Valve

In practical applications, the valve authority (Sv) should not be less than 0.3. According
to Equation (11), the minimum controllable impedance of the heat exchange control valve
must exceed 0.21. The parameter summary of the heat exchange control valve is provided
in Table 1.

Table 1. Summary of parameters for impedance control range of heat exchange control valves.

Minimum Controllable Maximum Controllable
Impedance Range
Impedance Impedance
0.75~24.13 0.21~0.75 30.29~00

6.2.1. Impact of Minimum Controllable Impedance

For control valves with equal percentage flow characteristics, the maximum control-
lable impedance is fixed at 30.29. By varying the minimum controllable impedance, the
relationship between valve opening and temperature is analyzed, with results illustrated

in Figure 5.
1 .
—_S . =022
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Figure 5. Control valve opening-temperature curves with varying minimum controllable impedance.
(a) Valve opening vs. temperature curves; (b) Slope of valve opening curves.

As shown in Figure 5a, increasing the minimum controllable impedance shifts the
entire curve downward in the coordinate system, expanding the valve opening range.
For example, at a minimum controllable impedance of 0.75, the valve opening range
reaches 0.9001. When the minimum controllable impedance decreases to 0.22, the opening
range contracts to 0.7605. This demonstrates a positive correlation between the minimum
controllable impedance and the valve opening range within a specific interval: larger
minimum controllable impedance increases the operational range of the control valve. A
higher minimum controllable impedance indicates that the valve must overcome greater
resistance during opening, enabling a broader regulation capability to adapt to varying
system demands. Curve (b) illustrates the sensitivity of the valve opening to temperature
variations. Across most temperature regions, a higher minimum controllable impedance
corresponds to a steeper slope in the curve. This indicates enhanced sensitivity: even minor
temperature fluctuations trigger significant adjustments in the valve opening.

6.2.2. Impact of Maximum Controllable Impedance

For control valves with equal percentage flow characteristics, the minimum control-
lable impedance is fixed at 0.75, while the maximum controllable impedance varies starting
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from 30.29. The relationship between valve opening and temperature under different
maximum impedance values is analyzed, with results illustrated in Figure 6.
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Figure 6. Control valve opening-temperature curves with varying maximum controllable impedance.
(a) Valve opening vs. temperature curves; (b) Slope of valve opening curves.

As shown in Figure 6a, smaller maximum controllable impedance shifts the overall
curve downward in the coordinate system, resulting in a larger valve opening range. For
example, at a maximum controllable impedance of 30.29, the valve opening range reaches
0.9057. When the maximum controllable impedance increases to 1000.0, the valve opening
range significantly contracts to 0.4656. This indicates a negative correlation between the
maximum controllable impedance and the valve opening range within a specific interval:
lower maximum controllable impedance expands the operational range of the control
valve. The maximum controllable impedance reflects the flow resistance imposed by the
fully open valve on fluid dynamics. A smaller maximum controllable impedance implies
reduced flow resistance, enabling the valve to operate over a wider opening range to
accommodate diverse heating demands. Curve (b) demonstrates that under the same
primary network supply water temperature, a smaller maximum controllable impedance
corresponds to a steeper slope, indicating higher sensitivity of the control valve opening
to temperature variations. This implies that even slight temperature changes will trigger
substantial adjustments in valve opening.

6.2.3. Precision Comparison of Heat Exchange Control Valves with Different Flow
Characteristics and Metrics

The flow characteristics and control precision of heat exchange control valves play
a critical role in ensuring stable system operation and efficient heat supply. Based on
previous research, this study selects a set of characteristic parameters with a maximum
controllable impedance of 30.29 and a minimum controllable impedance of 0.75. Under
these conditions, the valve opening vs. temperature curves for four flow characteristics
(linear, equal percentage, quick-opening, and parabolic) are plotted and analyzed, as
illustrated in Figure 7.

For heat-exchange control valves in secondary network bypass configurations, the
quick-opening characteristic control valve (Curve a) exhibits distinct segmented behavior.
The average slope of its characteristic curve reaches 0.1115 in the low-temperature range
(100-105 °C), indicating extreme sensitivity to temperature variations and exceptionally
high control accuracy. However, in the mid-to-high temperature range (105-130 °C), the
average slope drops significantly to 0.0093, leading to severe degradation of control preci-
sion. Curve (b) characterizes the fluctuation of heat exchange control valve errors induced
by dead zone effects under varying temperatures. Specifically, a higher vertical coordi-
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nate value indicates stronger operational volatility and greater deviations from the preset
opening at the corresponding temperature. For valves with quick-opening characteris-
tics, the mean slope of the accuracy curve in the low-temperature region (100-105 °C) is
0.6229, indicating relatively minor fluctuations and errors between the actual and preset
valve openings within this range. In contrast, the medium-to-high-temperature region
(105-130 °C) exhibits a significantly steeper mean slope of 3.6162, corresponding to am-
plified operational volatility. Therefore, considering its performance across temperature
ranges, the quick-opening valve is optimal for scenarios where primary network supply
temperatures fluctuate primarily in the low-temperature zone, leveraging its high-precision
regulation in this regime while avoiding precision losses at elevated temperatures.
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Figure 7. Valve opening vs. temperature curves for control valves with four flow characteristics.
(a) Valve opening vs. temperature curves; (b) Control accuracy vs. temperature curves.

Replacing the valve with an equal percentage characteristic valve results in a more
balanced slope distribution. For equal percentage valves, higher full-open impedance
(up to an upper bound) increases the average slope across the entire temperature range,
enhancing control accuracy. The equal percentage valve achieves an average slope of
3.17 over 100-130 °C, delivering robust overall control precision. The accuracy curve of
the equal percentage-type control valve displays a mean slope of 0.4349 across the full
temperature range. This value suggests that within this temperature interval, the actual
opening of the valve exhibits minor fluctuations and reduced deviations compared to
the preset opening, signifying lower errors. This demonstrates the broad applicability of
equal percentage valves in heating systems, providing stable and reliable regulation under
diverse thermal conditions.

6.3. Bypass Control Valves

The parameter summary of bypass control valves is presented in Table 2.

Table 2. Summary of impedance control ranges for bypass control valves.

Impedance Range Minimum Controllable Maximum Controllable
P 8 Impedance Range Impedance Range
1.57~89.68 0~1.57 89.68~+00

6.3.1. Impact of Minimum Controllable Impedance

Using control valves with linear flow characteristics as the research subject, the valve
opening vs. temperature curves under different minimum controllable impedance values
are illustrated in Figure 8, while the maximum controllable impedance is fixed at 89.68.

240



Energies 2025, 18, 2691

p,min
08— Sp,min: 1.20
— =1.00 /
p,min
Q0'6 Sp,min: 0.50
Q — S, in= 020
0.4
0.2
0
100 110« 120 130 100 110« 120
T (°C) T (°C)
4 4
(a) (b)

Figure 8. Control valve opening-temperature curves with varying minimum controllable impedance.

(a) Valve opening vs. temperature; (b) Slope of valve opening curve.

As shown in Curve (a) of Figure 8, increasing the minimum controllable impedance

shifts the entire curve upward within the coordinate system. For instance, at a minimum

controllable impedance of 1.57, the valve opening range reaches 1.0 (full scale). When

the minimum controllable impedance decreases to 0.2, the valve opening range contracts

to 0.3252. This demonstrates a positive correlation between the minimum controllable

impedance and the valve opening range within a specific interval: larger minimum control-

lable impedance expands the operational range of the control valve.

6.3.2. Impact of Maximum Controllable Impedance

For control valves with linear flow characteristics (fixed minimum controllable

impedance at 1.57), the valve opening vs. temperature curves under different maximum

controllable impedance values are illustrated in Figure 9.
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Figure 9. Control valve opening-temperature curves with varying maximum controllable impedance.

(a) Valve opening vs. temperature; (b) Slope of valve opening curve.

As shown in Figure 9a, smaller maximum controllable impedance shifts the overall

curve downward in the coordinate system, resulting in a larger valve opening range.

A maximum controllable impedance of 89.68 corresponds to a valve opening range of

1.0 (full scale). When the maximum controllable impedance increases to 10,000, the valve

opening range decreases to 0.8837. This demonstrates that the maximum controllable

impedance regulates the effective operating range of the valve. Within a specific range, a

lower maximum controllable impedance expands the valve opening range.
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6.3.3. Precision Comparison of Bypass Control Valves with Different Flow Characteristics
and Metrics

In conclusion, the bypass control valve is selected with a maximum controllable
impedance of 89.68 and a minimum controllable impedance of 1.57. The valve opening vs.
temperature curves for four flow characteristics (linear, equal percentage, quick-opening,
and parabolic) are illustrated in Figure 10.
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Figure 10. Valve opening vs. temperature curves for control valves with four flow characteristics.
(a) Valve opening vs. temperature; (b) Control accuracy vs. temperature.

For bypass control valves with equal percentage flow characteristics in secondary
network bypass systems, Curve (a) shows an average slope of 9.85 in the low-temperature
range (100-106 °C), achieving exceptional control accuracy. In the mid-to-high temperature
range (106-130 °C), the average slope decreases to 1.68, resulting in significant degradation
of control precision. The accuracy curve of the equal percentage flow characteristic control
valve exhibits a mean slope of 0.8090 in the low-temperature region (100-106 °C), indicating
minor fluctuations and reduced deviations between the actual and preset valve openings
within this range. In contrast, the mean slope increases significantly to 2.4378 in the
medium-to-high-temperature region (106-130 °C), corresponding to amplified fluctuations
and diminished control precision. Consequently, when evaluating the performance of
the equal percentage flow characteristic bypass control valve across different temperature
intervals, it is better suited for scenarios where the primary network supply temperature
predominantly fluctuates within the low-temperature range. Under such conditions, the
valve leverages its high-precision regulation advantage in the low-temperature region while
mitigating the inherent limitations of reduced accuracy in high-temperature operations.

When replacing the bypass control valve with a quick-opening flow characteristic
valve, Curve (a) demonstrates more balanced slope distribution across the entire tempera-
ture range. For quick-opening heat exchange control valves, higher full-open impedance
(up to an upper bound) correlates with increased average slope values, enhancing control
accuracy. Specifically, the average slope across the full temperature range reaches 3.49,
indicating robust overall control performance. The accuracy curve of the quick-opening
characteristic control valve exhibits a mean slope of 1.1114 across the full temperature
range, indicating minor fluctuations and reduced deviations between the actual opening
and preset opening within this interval. In summary, the equal percentage characteristic
valve demonstrates broad applicability in heating systems, delivering stable and reliable
regulation performance under varying temperature conditions.
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7. Optimization Verification Based on Real Heating Network
7.1. Basic Information of the Heating System

The centralized heating system is located in Zhangjiakou City, Hebei Province. The
heating period lasts 141 days (from 1 November to 31 March of the following year). The
design heat load was calculated using the climate correction method, with baseline pa-
rameters under —13.6 °C temperature conditions. The heating radius is approximately
11.4 km, covering a total heating area of 11.5 million m?, and the total design heat load
reaches 350 MW. The system comprises one heat source (an extraction condensing turbine
cogeneration unit) and 51 heating stations. All heating stations have undergone network
topology reconstruction, with bypass branches added to the original pipeline structure.

7.2. Model Control Strategy

This study adopts a Model Predictive Control (MPC) strategy, which integrates his-
torical meteorological data and real-time forecasting information to achieve a 6-h-ahead
precise prediction of heat load demand. Based on these predictions, the system dynamically
generates reference temperatures as control input parameters. Utilizing a Programmable
Logic Controller (PLC), the system flexibly adjusts the opening degrees of heat exchange
control valves and bypass control valves, thereby enabling refined control of the district
heating network.

7.3. Verification Method

During the 2024-2025 heating season, our team selected 16 heating stations with
similar operating conditions from the Zhangjiakou Flexible Heating Network Project. Each
station was configured with different control valve types as outlined in Table 3.

Table 3. The valve configuration of the heat station.

Group Heating Station Heat Exchange Control Valve Bypass Control Valve
1 Ideal City—North High Area Quick-opening Type Quick-opening Type
2 Ideal City—South High Area Quick-opening Type Linear Type
3 Ningxi Home—South High Area Quick-opening Type Parabolic Type
4 Fuyuanli High Area Quick-opening Type Equal Percentage Type
5 Tianxiu Garden No. 2 Station Linear Type Quick-opening Type
6 Jingyang Heat Station Linear Type Linear Type
7 Yigingyuan Heat Station Linear Type Parabolic Type
8 Fuguiyuan Heat Station Linear Type Equal Percentage Type
9 Xinmao Home Parabolic Type Quick-opening Type
10 Zhangheng New City Parabolic Type Linear Type
11 Tejia Residential Building Parabolic Type Parabolic Type
12 Industrial Road Residential Area Parabolic Type Equal Percentage Type
13 Zhongxing Residential Building Equal Percentage Type Quick-opening Type
14 Guangming Village Equal Percentage Type Linear Type
15 Emerald Town Equal Percentage Type Parabolic Type
16 Qiantun Heat Station Equal Percentage Type Equal Percentage Type

Based on the actual measurement data of each heat station, the stability of the sec-
ondary network supply temperature when the primary network supply temperature
changes between 70 and 100 °C is observed. If the average deviation between the sec-
ondary network supply temperature and the set supply temperature is too large, then the
valve configuration is unreasonable; otherwise, the configuration is reasonable.
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7.4. Engineering Data Analysis

The average temperature deviation of the secondary network supply for each heat
station is shown in Table 4:

Table 4. The heat exchange flow fluctuates.

Heating Substation 1 2 3 4 5 6 7

average 3.8 3.9 4.0 4.0 3.0 3.1 3.2

3.3

Heating Substation 9 10 11 12 13 14 15

16

average 2.7 29 3.1 3.3 2.5 2.7 29

3.1

From the figure above, it can be seen that the 13th heating substation has the smallest
average temperature deviation, only 2.5 °C. The experimental validation section con-
structed 16 combination scenarios through pairing four characteristic types of heat ex-
change control valves with four characteristic types of bypass control valves. From 55
heating stations, 16 typical stations with complete operational data were selected for com-
parative analysis. Based on the research conclusion—minimum temperature deviation
fluctuation occurs when using equal percentage heat exchange control valves paired with
quick-opening bypass control valves—the following two contrast groups were specifically
chosen:

Group 1 (Numbers 13, 14, 15, 16): The heat exchange control valves are fixed as equal
percentage type, with bypass control valve configurations covering various characteristics
such as linear and parabolic, to validate the stability advantages of equal percentage heat
exchange control valves in diverse bypass scenarios.

Group 2 (Numbers 1, 5, 9, 13): The bypass control valves are fixed as quick-opening
type, with heat exchange control valves covering various characteristics such as linear and
parabolic, to quantify the enhancement effect of quick-opening bypass control valves on
the system’s disturbance rejection capability.

The control valve configurations of each heating substation are shown in Table 5.

Table 5. Valve configuration of the selected heat exchange stations.

Group

Heating Station Heat Exchange Control Valve Bypass Control Valve

13
14
15
16

Ideal City—North High Area Quick-opening Type Quick-opening Type
Tianxiu Garden No. 2 Station Linear Type Quick-opening Type
Xinmao Home Parabolic Type Quick-opening Type
Zhongxing Residential Building Equal Percentage Type Quick-opening Type

Guangming Village Equal Percentage Type Linear Type
Emerald Town Equal Percentage Type Parabolic Type

Qiantun Heat Station Equal Percentage Type Equal Percentage Type

As shown in Figure 11a, where all heat exchange control valves are equal percentage
type control valves, it can be seen that when the bypass control valves are quick-opening

type control valves, the fluctuation of the secondary network supply temperature is lower.

In Figure 11b, where all bypass control valves are quick-opening type control valves, it is
observed that when the heat exchange control valves are equal percentage type control
valves, the fluctuation of the secondary network supply temperature is also lower. The

above observed data can intuitively validate the correctness of the conclusion of this paper.
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Figure 11. (a) The comparison for Heat Substations Nos 13, 14, 15, and 16. (b) The comparison for
Heat Substations Nos 1, 5, 9, and 13.

8. Conclusions

This study focuses on a heating network system based on BTS technology, establishing
a theoretical framework for valve selection and control strategies with engineering signifi-
cance through quantitative analysis of dynamic regulation performance under specific op-
erating conditions. By overcoming the limitations of traditional single-performance-index
evaluation, the research reveals the intrinsic mechanism between valve control impedance
characteristics and supply-demand balance from a system coupling perspective, providing
new cognitive dimensions for heating system optimization.

8.1. System Impact Mechanism of Control Impedance Characteristics

This study demonstrates that when the controllable impedance range of control
valves covers system operational requirements, a combination of higher minimum control
impedance and lower maximum control impedance significantly enhances the regulation
stability of heat exchange stations. This is manifested in smoother valve opening adjust-
ments, stabilized dynamic responses in heat exchange processes, and effective suppression
of overload phenomena and oscillation effects during regulation. Notably, the minimum
control impedance is constrained by a critical threshold of valve authority. When valve
authority falls below the theoretical optimal range, nonlinear distortion occurs in valve
operating characteristics, leading to systemic attenuation of regulation accuracy.

8.2. Valve Type Selection

Comparative analysis demonstrates that selecting equal percentage valves for heat
exchange regulation and quick-opening valves for bypass regulation achieves optimal
control performance with minimal variation, enabling control valves to deliver their maxi-
mum regulatory efficiency. Experimental verification in practical engineering applications
confirms that this configuration attains the most stable supply-demand equilibrium in
thermal stations. Critical implementation requires explicit consideration of the operational
temperature range in the primary network water supply. For bypass regulation valves,
quick-opening valves exhibit enhanced control capability in low-temperature regimes
(100-106 °C), while equal percentage valves demonstrate superior control performance in
high-temperature ranges (106-130 °C).

8.3. Practical Implications

The research outcomes hold significant real-world applicability. For instance, urban
heating network decarbonization retrofits can implement closed-loop control strategies inte-
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grating “peak-shifting heat storage—dynamic allocation—energy efficiency optimization”,
directly improving energy utilization rates and heating service quality. Additionally, bypass
pipeline heat storage technology enhances the peak-shaving capacity of combined heat
and power (CHP) units, addressing the core challenge of renewable energy (e.g., wind and
solar power) intermittency and volatility, thereby promoting renewable energy integration.

8.4. Research Boundaries and Knowledge Expansion Pathways

Current research is constrained by regional engineering data limitations (Zhangjiakou
flexible heating network), leaving theoretical gaps in:

1. Universal applicability validation under extreme cold /humid-hot climates;
2. Nonlinear dynamic modeling of multi-valve coupling in complex networks;
3.  Long-term material aging effects on valve characteristics.

Future research will expand along three dimensions:

1. Cross-scale data validation: Establish multi-climate zone data collection networks
covering frigid regions (e.g., Shenyang) and hot summer/cold winter zones (e.g.,
Shanghai), developing GIS-based model parameter correction mechanisms.

2. Complex system modeling: Introduce fluid network theory and Nash equilibrium
models to construct impedance distribution optimization models considering multi-
valve coupling effects, achieving optimal energy flow allocation through equilib-
rium solutions.

3.  Long-term performance evolution: Implement a 5-year tracking observation program
for the Zhangjiakou project, developing time-varying prediction models for valve
characteristic degradation and optimizing lifecycle-based control strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

CHP Combined Heat and Power

BTS Bypass Thermal Storage

LMTD Logarithmic Mean Temperature Difference
PHE Plate Heat Exchanger

MPC Model Predictive Control

VCA Valve Control Accuracy
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Nomenclature

The following nomenclature is used in this manuscript:

Symbol Significance Represented Symbol  Significance Represented
T reference supply water temperature of the primary g * Impedance distribution of the secondary side bypass
gref network, K P control valves of the heat substation, Pa-s2/m®
Ty oot reference return water temperature of the primary LMTD,.;  reference LMTD of PHE, K
! temperature, K
reference supply water temperature of the . .
to ref LMTD*  LMTD of PHE after throttling regulation, K
secondary network, K
reference return water temperature of secondary X .
th ref & relative opening of the control valve
’ network, K
Cp constant-pressure specific heat of the heat medium,  &* relative opening of the heat exchange control valve
n Characteristic curve exponent &p* relative opening of the bypass control valve
5 proportion of the bypass control valve cost in the L secondary-side supply temperature corresponding to
total cost of the bypass branch 878 the actual valve opening
Ty, Ty desigr} supply and return water temperatures of R rangeability
the primary network, K
Sv Valve authority R¢ rangeability of heat exchange control valves
te*, th* Sj:;iﬁ::;ﬁg;gifium water temperatures of the Rp rangeability of bypass control valves
B empirical parameters to characterize the convective s minimum impedance of bypass regulating on the
heat transfer intensity of radiators pmm secondary side of the heat substation, Pa-s?/m®
K overall heat transfer coefficient of PHE regulation, S maximum impedance of bypass regulating on the
W/ (m?2-K) pamax secondary side of the heat substation, Pa-s%/m®
S equivalent impedance of plate heat exchanger in the S minimum impedance of heat-exchange regulating on
h secondary network, Pa-s?/m® tamin the secondary side of the heat substation, Pa-s?/m®
5p* impedance of the secondary side heat exchange S maximum impedance of heat-exchange regulating on
regulating of the heat substation, Pa-s? /m® bmax the secondary side of the heat substation, Pa-s? /m®
KDt relative opening of the valve Kt slope of the primary network supply' water
temperature curve about valve opening
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Abstract: Rail transit as a high-energy consumption field urgently requires the adoption of
clean energy innovations to reduce energy consumption and accelerate the transition to new
energy applications. As an energy-saving fluid machinery, the ejector exhibits significant
application potential and academic value within this field. This paper reviewed the recent
advances, technical challenges, research hotspots, and future development directions of
ejector applications in rail transit, aiming to address gaps in existing reviews. (1) In waste
heat recovery, exhaust heat is utilized for propulsion in vehicle ejector refrigeration air con-
ditioning systems, resulting in energy consumption being reduced by 12~17%. (2) In vehicle
pneumatic pressure reduction systems, the throttle valve is replaced with an ejector, leading
to an output power increase of more than 13% and providing support for zero-emission
new energy vehicle applications. (3) In hydrogen supply systems, hydrogen recirculation
efficiency exceeding 68.5% is achieved in fuel cells using multi-nozzle ejector technology.
(4) Ejector-based active flow control enables precise £ 20 N dynamic pantograph lift adjust-
ment at 300 km/h. However, current research still faces challenges including the tendency
toward subcritical mode in fixed geometry ejectors under variable operating conditions,
scarcity of application data for global warming potential refrigerants, insufficient stability
of hydrogen recycling under wide power output ranges, and thermodynamic irreversibility
causing turbulence loss. To address these issues, future efforts should focus on developing
dynamic intelligent control technology based on machine learning, designing adjustable
nozzles and other structural innovations, optimizing multi-system efficiency through hy-
brid architectures, and investigating global warming potential refrigerants. These strategies
will facilitate the evolution of ejector technology toward greater intelligence and effi-
ciency, thereby supporting the green transformation and energy conservation objectives of
rail transit.

Keywords: ejector; engine waste heat recovery; compressed air energy storage; hydrogen
supply system; pantograph lift control; energy-saving technology

1. Introduction

Under the background of accelerating the transformation of the global energy struc-
ture, carbon emissions in the rail transit field account for more than 20% of total emis-
sions [1]. Breakthroughs in energy efficiency enhancement and new energy substitution
are demanded through technological innovation within the rail transit field. As a field
characterized by high energy consumption, improving energy efficiency in the rail transit
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field holds considerable significance for global low carbon development. Among emerging
technologies, ejector technology has attracted increasing attention for its potential to drive
the green transformation of the rail transit field due to its energy-saving advantage of zero
mechanical energy losses.

Ejectors are composed of nozzles, suction chambers, mixing chambers, and diffusers,
as illustrated in Figure 1. Its working principle is based on the conversion of pressure
potential and thermal energy of a high-temperature, high-pressure motive fluid into kinetic
energy as it passes through the nozzle. The resulting high-velocity, low-pressure jet enters
the suction chamber, creating a local pressure lower than that of the suction fluid, which
is thereby drawn into the system. Due to the strong shear effect caused by the pressure
difference between the motive fluid and the suction fluid, the suction fluid continuously
transfers mass and energy with the motive fluid. Consequently, the mixing degree of
the two fluids tends to be uniform in the mixing chamber. As the discharge fluid passes
through the diffuser, there is an increase in the flow cross-sectional area, which results in a
decrease in fluid velocity and an increase in pressure. Meanwhile, part of the kinetic energy
is converted back into pressure potential energy and heat energy. Finally, the medium
temperature and medium pressure of the discharge fluid are obtained at the outlet of the
diffuser. Throughout this process, the pressurization of the suction fluid is realized without
directly consuming mechanical energy. Owing to the inherent advantage of zero additional
mechanical energy consumption, ejector technology is utilized not only in the rail transit
field but also extensively across diverse domains including desalination [2], refrigeration
cycles [3], petroleum refining [4], aerospace [5], nuclear power plant safety engineering [6],
and waste heat recovery [7]. Significant values have been consistently demonstrated
in energy conservation, pressure regulation, energy recovery, vacuum generation, and
precise control.

1-Nozzle 2-suction chamber 3-Mixing chamber 4-Diffuser

3 4

Motive fluid [:D Discharge fluid

Suction fluid

Figure 1. Schematic diagram of typical ejector structure.

The ejector features a compact structure, stable operation, and low maintenance cost.
Furthermore, it aligns with the core requirements of new energy technologies having
low consumption and high efficiency to achieve performance improvements through
structural innovation rather than additional energy input. In the rail transit field, ejector
technology has been primarily applied in systems such as engine waste heat recovery, fuel
cell hydrogen supply system optimization, compressed air-powered pressure pneumatic
reduction, pantograph lift control, and energy-saving vacuum toilets. Research targeting
these systems not only directly affects the energy efficiency level of the relevant systems
in the field of rail transit but also fosters technological innovation by promoting energy-
saving transformation in associated industrial processes and facilitating the integration
of renewable energy systems. As a result, ejector technology provides essential technical
support for building a synergistic emission reduction framework that spans both the rail
transit sector and associated industries.

Despite the potential performance advantages offered by ejector systems, their imple-
mentation in rail transit is hindered by several significant constraints. The fixed geometry
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design frequently transitions into subcritical mode under variable operating conditions,
which complicates maintenance and leads to reduced entrainment rates and pressure re-
covery coefficients [8]. Based on the application of a proton exchange membrane fuel cell
(PEMFCQ), fluctuations in anodic pressure exceed +0.15 bar during load drift. This situation
underscores the need for dynamic control strategies to mitigate mechanical stress [9]. Fur-
ther challenges include the degradation of high-speed mixing chambers and the obstruction
of vacuum toilet ejectors, which require special materials or frequent maintenance in harsh
environments [10]. Preliminary studies on multi-nozzle ejectors indicate that geometric
optimization has the potential to enhance operational stability. However, a trade-off exists
between adaptability and system complexity [11].

Due to the technical maturity and widespread application of ejector technology in
the fields of seawater desalination [2] and refrigeration [3], the current reviews of ejector
technology mainly focus on these two fields. However, the review of the latest devel-
opments of ejector technology within the rail transit field remains limited owing to the
relatively emerging nature of the demand for this technology in the field. Consequently,
the research progress pertaining to engine waste heat recovery, fuel cell hydrogen supply
system optimization, and compressed air-powered pressure reduction technology in the
rail transit field was reviewed in this paper. In addition, the synergy potential, remaining
shortcomings, and future research directions of these technologies in improving the energy
efficiency of rail transit systems and new energy applications were discussed. Under the
background of global energy conservation and energy transition, these unique discussion
priorities will help readers clearly understand the research hotspots, the latest progress, and
the existing shortcomings of ejector technology in the field of rail transit, thus addressing
the major gaps in the current review.

This review organized the research progress on ejector technology aimed at rail transit
energy conservation. The review commences with an introduction of ejector energy-saving
principles and their application value in Section 1. Theoretical fundamentals and intelligent
control strategies are discussed in Section 2. Applications in engine waste heat recovery
are reviewed in Section 3, focusing on the analysis of working fluids, transcritical systems,
and structural optimization. Section 4 examins ejector applications within hydrogen
supply systems for fuel cells, addressing geometric parameter optimization and multi-
nozzle innovations. Compressed-air vehicle pressure reduction systems are discussed in
Section 5, including thermodynamic optimization and system integration. Finally, Section 6
summarizes other applications such as pantograph control, vacuum toilets, ventilation
systems, and cleaning devices. This review addresses the advancements and challenges of
ejector technology in supporting the rail transit energy transition.

2. Performance and Intelligent Control of Ejector Technology

Based on the multifaceted application value and energy-saving potential of ejectors,
the theoretical principles governing ejector operation are detailed in this section, which
critically examines emerging intelligent control strategies.

2.1. Performance of Ejectors

The operation and performance of an ejector are known to affect the performance of
an ejector cycle. The important parameters related to the performance of the ejector mainly
include the critical discharge pressure, the entrainment ratio (ER), the pressure ratio, and
the efficiency of the ejector.

The ejector performance undergoes a sharp decrease when the discharge pressure
exceeds a certain value, which is identified as the critical discharge pressure of the ejector.
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The entrainment ratio ER refers to the ratio of entrained fluid flow rate m; to the
motive fluid flow rate n1,, indicating the effectiveness of fluid entrainment and mixing
within the ejector system, which is defined as follows [12]:
s

ER = 1)

My
The pressure ratio N represents the ratio of pressure increase in the suction fluid
to the pressure drop in the motive fluid by the ejector system, which can be defined as

follows [12]:
Py —Ps

N = ()
P, — Py

where P;, Ps, and P, denote the diffuser discharge pressure, suction fluid pressure, and
motive fluid pressure, respectively.

The efficiency of ejector 7, in essence, refers to the relationship between the power
generated by the ejector (output power Eqy¢) and the power consumed by the ejector (input
power E;,). Based on the one-dimensional theory assuming that mixing is completed in the
constant area mixing chamber and that the spacing between the nozzle exit and the mixing
chamber entrance is zero, the efficiency of the ejector can be defined as follows [13,14]:

n="" _ER.N 3)
Ein

where ER and N are the entrainment ratio and pressure ratio.

The ejector performance has been demonstrated to be significantly influenced by
geometric parameters and operating conditions. In studies of public transportation air
conditioning systems, Saban Unal et al. [15] demonstrated that two-phase ejectors could
improve the coefficient of performance (COP) by approximately 15% when evaporation
and condensation temperatures are properly optimized. Through simulations using R134a
refrigerant, Baek et al. [16] identified that the mixing chamber diameter and length are
the dominant factors affecting the ejection ratio. Meanwhile, Bai et al. [17] observed
that improper geometric parameters, including an excessively small throat diameter or
overly large mixing chamber, could lead to pressure rise failure or refrigerant ejection
failure. The complexity of two-phase flow introduces additional challenges, as shown
by Chen et al. [18], whose experiments revealed approximately 20% error in numerical
simulations under critical conditions. Yang et al. [19] further noted that neglecting non-
equilibrium steam condensation phenomena could lead to an 11.71% overestimation of the
ejection ratio. Experimental studies by Li et al. [20] demonstrated that a nozzle expansion
angle of 2.0° optimized the main flow expansion state and maximized the ejection ratio.
In seawater desalination ejector refrigeration systems, R114 refrigerant was found to
perform best due to its low saturation pressure and high water production rate (Petrovic
et al. [21]). Optimization strategies include improving mixing chamber design through
constant rate momentum change or constant rate of kinetic energy change theory (Kumar
et al. [22]), implementing multi-stage ejectors such as two-stage structures to recover
redundant momentum and enhance the ejection ratio (Yadav et al. [23]), and controlling
wall heat conduction by using low thermal conductivity materials to reduce non-isothermal
losses (Haida et al. [24]).

2.2. Intelligent Control Strategies for Improving Performance

Traditional control strategies of ejectors frequently struggle to achieve rapid and op-
timal adaptation across wide operational ranges, which directly affects system efficiency
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and stability. Based on the comprehensive review by Al-Doori et al. [25], artificial intelli-
gence (Al) and machine learning (ML) methodologies have been extensively integrated
into ejector refrigeration systems to address the limitations of traditional experimental
and computational approaches, primarily focusing on performance prediction, geometric
optimization, and adaptive control. Artificial Neural Networks (ANNs) combined with
Genetic Algorithms (GAs) enable multi-parameter optimization of ejector geometry (e.g.,
nozzle throat diameter, area ratio (AR), nozzle exit position (NXP)), achieving significant
performance enhancements. Liu et al. [26] demonstrated a 35.39% efficiency increase and
8% average performance improvement by eliminating vortices and optimizing secondary
flow dynamics using ANN-GA frameworks. Similarly, Zhang et al. [27] utilized ANNs
to predict ejector ER and critical back pressures with 68% higher experimental agreement
and <15% prediction error under varying operating conditions. This approach surpassed
conventional thermodynamic models by effectively capturing the nonlinear relationships
between geometric parameters and system outputs. Gaussian Process Regression combined
with computational fluid dynamics (CFD) data, as implemented by Ringstad [28], provides
robust design optimization for CO; ejectors. This methodology allows for the efficient
exploration of design spaces and the identification of optimal geometries that enhance
pressure recovery ratios by up to 76% in variable—geometry designs. Furthermore, hybrid
ML strategies such as particle swarm optimization combined with GA have been shown
to minimize energy consumption in hybrid ejector air conditioning systems, resulting
in 17% energy savings and peak load efficiency improvements of 23% at 23 °C ambient
temperatures (Wang et al. [29]). ANN-based controllers optimize spindle positions to boost
ER by 41% across diverse pressure conditions (Li et al. [30]). Extreme learning machines
accelerate off-design performance predictions for multi-evaporator systems, reducing com-
putational costs while achieving R? > 0.96 for critical parameters like COP (Bencharif
et al. [31]). Despite these advances, challenges remain in data quality requirements, model
interpretability, and integration with high-fidelity CFD simulations for multiphase flows, ne-
cessitating future research into hybrid physics-informed ML architectures and standardized
validation protocols.

Advanced flow diagnostics and control in ejector systems must be strengthened to
provide critical empirical data for ML model training and real-time performance moni-
toring. Tunable diode laser absorption spectroscopy enables non-invasive line-of-sight
measurements of temperature and species concentration downstream of supersonic noz-
zles, with Al-Manea et al. [32] reporting spatial thermal capturing errors below 5% at
distances 15-30 mm from jet centerlines. Velocity fields and turbulent structures within
mixing chambers are quantified through particle image velocimetry (PIV), which reveals
boundary layer separations and shock wave interactions that reduce ejector efficiency;
Dvoték and Kotek [33] correlated PIV-derived velocity contours with pressure recovery
losses, identifying optimal mixing chambers for minimizing entropy generation. Density
gradients and shock trains are visualized using Schlieren imaging, with Chen et al. [34]
linking nozzle exit flow patterns to ejector efficiency reductions under over-expanded
conditions. Surface temperature distributions associated with nucleation events during
non-equilibrium condensation are captured by infrared thermography, though its accuracy
is constrained by material emissivity and requires carbon coatings for error mitigation
(Pradere et al. [35]). The sensor data obtained from these techniques is integrated into ML
controllers for adaptive ejector operation. For example, pressure and temperature sensors
guide ANN-regulated spindle adjustments to maintain optimal NXP, preventing boundary
layer separation under variable condenser pressures (Han et al. [36]). However, sensor
deployment faces inherent limitations, including optical interference in radial ejectors,
thermal shock vulnerability of acrylic test sections, and particle seeding artifacts in PIV
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measurements that perturb flow dynamics. Consequently, while sensors enable critical
validation of CFD and ML models, their role remains supplementary to computational
frameworks for holistic system control.

ML algorithms can be trained using extensive datasets generated from high-precision
CFD simulations and experimental tests that cover diverse operating scenarios. The data
capture complex frequently involves relationships between real-time input parameters,
such as pressure, temperature, flow rate, and the position of adjustable components, includ-
ing needle valves or swirl actuators. Additionally, these inputs are related to critical output
performance indicators, which include the ER, discharge pressure, and flow stability. The
integration of trained models (such as ANNSs or reinforcement learning agents) with ex-
tensive sensor networks that provide real-time data streams facilitates the development of
intelligent predictive control systems. These systems possess considerable potential to ad-
dress recognized specific applications. This approach enables the dynamic optimization of
adjustable ejector geometries, such as needle valve placement within the throat area, nozzle
spacing in multi-nozzle designs, or swirl strength, to maximum energy efficiency, thermal
efficiency, and stability under transient conditions. Adverse flow transitions, including
subcritical operation or backflow, can be anticipated and forestalled before performance
decreases. Complex multi-nozzle ejector operations can be coordinated, and ejector control
can be integrated into broader system management strategies. This intelligent control mode
represents a key future direction for enhancing ejector adaptability, stability, and overall
efficiency, which is fundamentally important for fully realizing the potential of ejector
technology in promoting energy savings, improving operational reliability, and advancing
the green transformation of rail transit systems.

3. Application of Ejectors in Engine Waste Heat Recovery Technology

A critical challenge in the field of rail transit energy saving is that fuel consumption is
relatively low with respect to the energy conversion ratio. The effective thermal efficiency
of the engine is typically around 30%, meaning that approximately 70% of the energy from
fuel combustion is lost. Specifically, this energy loss is distributed as follows: around 10%
through radiation, 30% through exhaust gases, and another 30% through the refrigeration
system (as shown in Figure 2) [37]. In total, nearly 70% of the energy is dissipated as
waste heat [38]. The combustion waste heat temperature of the engine ranges from 474 K
to 874 K, which is typically characterized by high temperature, high flow rate, and high
pressure [39]. This waste heat not only exacerbates air pollution but also causes overheating
of the water tank, which results in the dynamic performance of the vehicle being impaired.
Consequently, reducing the generation of engine waste heat and improving its utilization
are vital strategies for reducing air pollution and enhancing vehicle performance stability.

3.1. Vehicle Ejector Refrigeration Air Conditioning and the Technical Advantages

The utilization rate of primary energy can be improved with important economic and
social benefits by replacing the traditional compressed refrigeration vehicle air conditioning
with ejector refrigeration technology, which utilizes vehicle waste heat energy. The ejector
refrigeration system compared with the vehicle compression refrigeration system has the
advantages of no moving parts, a simplified structure, a small footprint, durability, and
lower cost.
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Figure 2. Classical energy usage of the engine.

The ejector cycle is driven by vehicle exhaust waste heat to generate a refrigeration
effect, as shown in Figure 3. The high-pressure working medium is heated and vaporized
(9—10) in the generator using waste heat, forming high-pressure steam that enters the
ejector nozzle. Within the nozzle, expansion and acceleration occur as pressure potential
energy is converted into kinetic energy. A low-pressure zone formed at the nozzle outlet
results in the low-pressure gaseous secondary flow from the evaporator. Momentum
exchange and thorough mixing of both fluid streams occur in the mixing chamber. The
mixed fluid subsequently decelerates and increases pressure in the diffuser section, re-
covering part of the pressure potential energy before entering the condenser (6—7). The
condensed liquid working medium is divided into two paths. One path is pressurized
by the pump and returns to the generator (7—9), completing the ejection cycle. The other
path undergoes pressure reduction through the throttle valve and enters the evaporator
(8—5) for endothermic refrigeration. By replacing the traditional throttle valve with an
ejector, expansion energy is recovered while the enthalpy is significantly reduced, leading
to lower compressor power consumption. Simultaneously, the evaporator functions as
the condenser for the compression sub-cycle (1—+2—3—4), where heat exchange reduces
the condensation load of the compression cycle and enables synergistic operation of the
dual-cycle synergy.

Compared to traditional throttle valves, ejectors demonstrate a higher COP, reducing
air conditioning system energy consumption by 12% to 17% [40].

Car exhaust gas

Generator

Expansion

Valve
Evaporator

@)
Compressor
)
To passenger car

Figure 3. Vehicle ejector refrigeration air conditioning system [41].

3.2. Research Progress of Ejector Refrigeration Air Conditioning System
3.2.1. Different Working Medium Ejector Refrigeration for Vehicles

In ejector refrigeration air conditioning systems, Freon-based working medium such
as R11, R12, and R22 are characterized by high thermal stability, efficient refrigeration
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performance, and a mature technical foundation, while their high ozone depletion potential
(ODP) and global warming potential (GWP) are restricted by international agreements.
Although ammonia and water are both environmentally friendly, each presents drawbacks—
ammonia is toxic, and water’s evaporation temperature is limited, resulting in the failure
to meet low temperature requirements. Working mediums including CO,, hydrocarbons,
HEFOs, and R32 possess zero ODP and low GWP, which are environmentally friendly and
offer the potential for improved energy efficiency and adaptability to new technologies
such as supercritical systems.

R134a is one of the most commonly utilized refrigerants in vehicle ejector refrigeration
and air conditioning systems, where its effectiveness has been demonstrated through mul-
tiple performance improvements. When implemented in ejector systems, R134a improves
refrigeration capacity and COP while simultaneously reducing system weight, refrigerant
charge, and heat exchanger size across various conditions. Takeuchi et al. [42] reported
enhancements in refrigeration capacity ranging from 25% to 45%, and increases in the
COP between 45% and 65% for transit refrigeration systems operating at a cold storage
temperature of 256 K. Additionally, they noted a 40% reduction in system weight and a
68% decrease in refrigerant charge. Oshitani et al. [43] observed a 15% COP increase in
double evaporator systems operating at 319 K. In exhaust heat-driven systems exposed
to temperatures at 803~1273 K, Zegenhagen and Ziegler [44] documented refrigeration
capacity gains of 2.3-5.3 kW. Zhu and Elbel [45] investigated adjustable swirl nozzles
under fluctuating conditions (as shown in Figure 4). Unal et al. [46] achieved a 4% reduc-
tion in condenser size and a 55% reduction in evaporator size for bus air conditioning
systems operating at 328 K condensation and 279 K evaporation temperatures. Galindo
et al. [8] studied diesel intake refrigeration. Critical constraints were also highlighted,
including a significant reduction in thermodynamic efficiency under off-design conditions
with fixed ejector geometry. These efficiency losses are characterized by COP decreases
from 0.099 to 0.151, primarily caused by the ejector transitioning from the efficient critical
mode (double-choking) into the degraded subcritical mode (single-choking) [8], and the
necessity for control mechanisms such as adjustable swirl nozzles to manage flow during
dynamic operation [44]. These studies confirm the significant potential of R134a-based
systems for COP enhancement, capacity reduction, and lightweight design optimization.
However, operational flexibility under dynamic conditions presents challenges, particularly
due to the fundamental limitations associated with momentum transfer inefficiencies and
shock-induced losses associated with two-phase flow in ejectors [47].
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Figure 4. Variable ejector with adjustable needle in motive nozzle [45].

Alternative working mediums, including water and refrigerant mixtures, have been
investigated for specific vehicle ejector refrigeration applications to utilize their distinct
advantages. Jaruwongwittaya et al. [48] studied a two-stage ejector cycle using water
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(condensation and evaporation temperatures of 328 K and 279 K, respectively), where
optimized ER yielded a COP of 0.29~0.89. This configuration demonstrated superior adapt-
ability to high condensation temperature relative to single-stage systems, with potential
engine load reductions exceeding 30%. Keeratiyadathanapat et al. [41] proposed a hybrid
compressed—ejector system using R134a for compression and R141b for ejection, partially
powered by waste heat. This approach increased system COP by 10~20% and decreased
energy consumption by approximately 20% compared to traditional compression cycles.
Through CFD corrections, the mathematical model’s prediction error was reduced from
15.5% to 5.5%.

Low GWP refrigerants such as R1234yf have been investigated as environmentally
friendly alternatives in ejector systems. Lawrence and Elbel [49] showed that R1234yf
offers a 1-3% higher theoretical COP gain than R134a due to its higher isentropic expansion
potential. Experimental results from their R134a-based ejector system demonstrated up
to 10% higher COP than a conventional throttling cycle, with the enhanced performance
attributed to marginally more favorable cycle configurations and operating conditions
for ejector operation. While directly replacing R134a with R1234yf can decrease system
capacity and COP, Sukri et al. [50] noted that adding an ejector significantly offsets these
limitations by decreasing compressor power requirements and increasing COP by as much
as 15%. The ER of R1234yf is significantly enhanced through geometric optimization of
ejector components, specifically through adjustments to the nozzle exit diameter, mixing
chamber diameter, and NXP. Galindo et al. [51] achieved an ER of 0.139 by optimizing the
nozzle exit diameter (3 mm), mixing chamber diameter (3.6 mm), and NXP (5.5 mm) under
adverse operating pressures specific to internal combustion engine waste heat recovery.
In contrast, Suresh et al. [40] found that increasing the ejector AR to 5.33 (by reducing
the throat diameter from 3.2 mm to 2.6 mm) boosts the ER of R1234yf and R1243zf by
82% under critical operating conditions, emphasizing the strong dependence of ejector
performance to geometric scaling.

To broaden the technology approach, absorption and mixed working mediums have
also been explored for vehicle waste heat-driven refrigeration fields. Venkataraman
et al. [52] reviewed the application of fuel cell exhaust-driven absorption refrigeration
systems in transit applications. They stated that a solid oxide fuel cell (SOFC) as the auxil-
iary power unit can provide stable waste heat to drive the absorption refrigeration cycle,
thereby avoiding the performance reduction typically associated with coupling to variable
engine exhaust. The temperature of the SOFC exhaust gas heat source is suitable for driving
the refrigeration system. Among available working fluid pairs, ammonia-water (NHz—
H,O) is appropriate for refrigerated transport at 254 K, while lithium bromide-water is
more suitable for automotive air conditioning applications. Currently, there are no mature
vehicle absorption refrigeration systems that have been commercialized. It is worth noting
that the mixed working medium exhibits advantages in complex cycles. Pan et al. [53]
proposed a coupled system integrating a supercritical CO, Brayton cycle with ejector ex-
pansion refrigeration for engine waste heat recovery, utilizing a mixed working medium
including R32 and CO,. They adopted a numerical simulation approach to investigate
the refrigeration performance and key parameter influences of these refrigerants. The
results show that when the mass ratio of R32 to CO; is 0.9/0.1, the refrigeration capacity
of the system reaches a value of 225.5 kW, and the integrated COP is measured at 2.05.
The ejector ER is observed to increase to 1.39. When the turbine inlet pressure is 25 MPa
and the temperature is 594 K, the waste heat recovery efficiency is optimal under these
conditions. These findings demonstrate that tailored working medium combinations can
enhance system adaptability and performance, providing flexible solutions for various
heat source conditions and temperature ranges in rail and automotive applications. As
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summarized in Table 1, comparative studies of key performance indicators highlight the
limitations of current ejector-based refrigeration systems under varying refrigerants.

Table 1. Comparative summary of key performance indicators for ejector-based refrigeration systems
in vehicle engine waste heat recovery.

Refrigerant COP Gain/COP Value ER Energy Saving Effect

AC energy consumption reduced by

R134a 10-20% [40] - 12-17% [40]
. a0 . Compressor power consumption
R1234yf Theoretical COP 1-3% > R134a [50] 0.139 (optimized) [51] reduced 15% [50]
Engine load reduced >30% [41], fuel
Water COP: 0.29-0.89 [48] Optimized two-stage ER [48]  consumption and greenhouse gas
emissions reduced
R32/CO, Mixture Integrated COP: 2.05 [53] 1.39 [53] Refrigeration capacity: 225.5 kW [53]
System COP increased 12.8% [54] . Energy savings potential: 22.16%

€O, Transeritical Etf ency improved 16-35% [55] annually [55]

The reviewed studies demonstrate significant potential for R134a-based ejector sys-
tems to improve refrigeration capacity (25~45%), COP (45~65%), and lightweight design
(40% weight reduction) [42], but off-design performance remains a critical constraint, with
COP dropping sharply under fixed geometries [8]. Adjustable nozzles [45] and multiple
working medium systems (e.g., R134a/R141b) [41] mitigate dynamic inefficiencies, yet op-
erational flexibility requires further optimization. Low GWP alternatives including R1234yf
show promise (1~3% COP gain [49]), but geometric tuning (e.g., AR optimization [40]) is
essential to compensate for capacity losses. Absorption systems (e.g., NH3—-H,O [52]) and
mixed-media cycles (e.g., R32/CO, [53]) offer solutions for waste heat recovery but face
commercialization barriers.

3.2.2. Transcritical System of Vehicle Ejector

A transcritical system refers to a system in which the refrigerant undergoes a supercrit-
ical state in the cycle. Its operating pressure exceeds the critical point. Unlike conventional
subcritical systems that release heat through condensation, transcritical systems discharge
heat through gas cooling, making them particularly suitable for high-temperature refrig-
eration applications. At present, CO; serves as the mainstream working medium in the
transcritical system. Other new working mediums, such as HFOs, are mostly adopted
in subcritical systems due to critical temperature constraints or safety limitations. How-
ever, technology development may enable further applying of low-GWP working medium
within the transcritical field.

In 2019, Ipakchi et al. [56] proposed a CO;-based transcritical cycle architecture inte-
grating ejectors, turbines, and compressors for waste heat recovery in combined refriger-
ation and power supply systems. Using numerical simulation, they studied the thermal
economy and the mechanistic impact of discharge pressure on system performance. The
results show that a 10 bar increase in ejector discharge pressure raises energy efficiency by
16.4% while decreasing exergy efficiency by 9.2%. After optimization, the energy efficiency
of the system reaches 27.42%, with an exergy efficiency of 24.21%. The corresponding net
output power is 7.55 kW, the net present value is 0.3419 M$, and the payback period is
4.5 years. These results verify the economic feasibility of CO, as a working medium in
vehicle waste heat recovery applications. In 2020, Chen et al. [54] conducted experiments
evaluating the thermodynamic performance of a transcritical CO, dual-rotor intercooling
refrigeration system under high-temperature environments. The results show that un-
der the condition of 319 K, the refrigeration capacity increases by 19.8% and the COP by
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12.8% compared with the basic cycle, while a significant reduction in compressor exhaust
temperature occurs. This confirms that the CO, working medium breaks through the
traditional performance limit through the intermediate refrigeration technology under the
high-temperature condition of mobile vehicle air conditioning. In 2022, Song et al. [55]
proposed a comprehensive analytical framework for transcritical CO, refrigeration and
heat pump technology, demonstrating its efficacy in new energy vehicle air conditioning,
building heating, hot water supply, and ice and snow venues. They quantify an annual
energy-saving potential at 22.16% and show that introducing expansion work recovery
technologies (e.g., ejectors and expanders) can improve energy efficiency by 16% to 35%. In
2023, Wu et al. [57] developed a CO, transcritical power cycle coupled with ejector refrigera-
tion for cascade utilization of engine exhaust gas and cylinder liner water waste heat. Using
numerical simulation and multi-objective optimization, they studied the thermo-economic
performance of this integrated system. The result shows that the ejector refrigeration
subsystem driven by cylinder liner water reduces the CO, condensation temperature to
301.67 K, achieving a 13.01% increase in net power and a 6.91% reduction in electricity cost.
The exergy loss rate decreases from 24.94% to 17.62% (ambient temperature 284~304 K), and
a 100% water utilization rate of the cylinder liner is reached alongside stable transcritical
operation.

Transcritical CO, systems demonstrate strong potential in high-temperature refrigera-
tion and waste heat recovery, offering energy efficiency improvements (16-35%) [55] and
significant COP gains (12.8%) [54] through advanced architectures like dual-rotor intercool-
ing and ejector integration. However, trade-offs exist: increasing ejector discharge pressure
boosts energy efficiency (16.4%) but reduces exergy efficiency (9.2%) [56], highlighting the
need for balanced optimization. While CO, excels in low-GWP applications and offers
stability in transcritical mode [57], its economic feasibility (a 4.5-year payback [56]) and
performance under dynamic conditions require further validation. Emerging low-GWP
refrigerants (e.g., HFOs) remain limited to subcritical systems.

3.2.3. Structure and Parameter Optimization of Vehicle Ejector

Structural and parameter optimization of ejectors involves the precise design and
adjustment of their key geometric components. These key dimensions include the nozzle
throat diameter, nozzle outlet position, mixing chamber diameter and length, diffusion
angle, and so on. The optimal parameter combination is typically determined by a com-
bination of theoretical analysis, numerical simulation, and experimental verification to
ensure efficient fluid mixing, supercharging, and energy transfer, thereby improving the
overall performance, operational stability, and adaptability to specific operating condi-
tions of ejectors. Structural and parameter optimization of ejectors aims to improve core
performance indicators in vehicle ejector refrigeration systems. These indicators include
the ER, critical pressure, COP, and operating stability in the vehicle ejector refrigeration
system. Moreover, vibration noise is reduced and system reliability is enhanced under
space-constrained operating conditions. System reliability and response speed are also
increased during frequent start and stop conditions. Therefore, the optimization of ejector
structure and parameters realizes a substantial improvement in the overall performance of
the vehicle ejector refrigeration system.

Innovative design and structural optimization of vehicle ejectors play a critical role
in enhancing the system energy recovery and operating condition adaptability. Takeuchi
et al. [42] proposed a novel two-phase ejector system for transport refrigeration applications
to address expansion energy loss in refrigeration cycles. Using experimental and numerical
simulation approaches, they investigated the energy recovery mechanisms. Their results
demonstrated that the adoption of a two-stage expansion nozzle significantly reduced
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vortex-induced energy losses in the mixing section, leading to a 25~45% increase in cooling
capacity and a 45~65% improvement in the system’s COP under identical component
conditions. Similarly, to minimize the evaporation temperature difference loss, Oshitani
et al. [43] proposed an ejector-based system for dual evaporator refrigeration in vehicle air
conditioning to address COP loss caused by evaporation temperature differences. They
adopted an experimental approach combined with numerical simulation to elucidate the
functional mechanisms of this system under operational constraints. The results show
that a dual-stage variable ejector structure improves cabin air conditioning performance
by 15% and reduces refrigeration cooling time by 20%. After optimization of the hybrid
segment diameter and length parameters, the air conditioning performance of the system
is enhanced by 15% at 319 K. In terms of adaptability, Zhu and Elbel [45] developed an
adjustable dual-inlet swirl nozzle mechanism for throttling control in vehicle air condition-
ing ejectors, addressing sensitivity to fluctuating operating conditions. They adopted an
experimental approach to study the flow regulation characteristics and operational stability
of this control system under transient conditions. The results show that the mass flow rate
of the R134a refrigerant can be reduced by 36% by adjusting the swirling strength with
fixed nozzle geometry. The pressure at the nozzle inlet increases by 244 kPa for every 0.24
increase in the swirl strength when the inlet pressure is in the range of 826~1034 kPa. The
control effect of this mechanism is remarkable when the pressure at the nozzle outlet is
less than 500 kPa. A computational framework integrating CFD ejector characterization
and one-dimensional thermodynamic modeling was developed by Galindo et al. [8] for
multi-objective optimization of geometric parameters and operating conditions in internal
combustion engine intake refrigeration cycles. They studied the system COP and cooling
capacity enhancement of this integrated ejector refrigeration system using a numerical
simulation approach combined with GAs. The results show that the intake air temperature
can be reduced to 274 K and the refrigeration capacity can reach 3.66 kW, improving the
energy recovery rate and adaptability to multiple operating conditions after the structure
optimization under the designed working conditions. COP and refrigeration capacity can
be improved more effectively through multi-objective optimization.

Regarding the optimization of vehicle ejectors’ specific structures, Lawrence and El-
bel [49] proposed a double evaporator ejection cycle framework for vehicle air conditioning
systems to address low-pressure refrigerant expansion loss. They studied the flow loss and
frictional loss optimization under operational constraints using an experimental approach
combined with numerical simulation. The results indicate that appropriate matching
between the ejector throat diameter and the mixing segment diameter can improve the
ejection performance. The 5 mm mixing segment reduces the flow loss by more than
40% compared to the 3 mm mixing segment. Frictional losses are significantly decreased
by reducing the nozzle expansion angle from 4.0° to 2.3°. The optimization results in
a peak ejection efficiency of 0.15. When the condensation temperature is 319 K and the
evaporation temperature is 283.9~286 K, the COP of the system is increased by 10% at
most. Galindo et al. [51] developed a parametric optimization methodology for ejectors
in internal combustion engine waste heat recovery systems using the R1234yf refrigerant.
They studied structural parameter effects on system ER and efficiency using numerical
simulation. By adjusting the nozzle outlet diameter (D,3), the mixing chamber diameter
(De4), and the nozzle outlet position (L.2), the optimal combination was determined to be
D.,3 = 3.0 mm, D,4 = 3.6 mm, L,2 = 5.5 mm under the condition of the throat diameter
fixed at 1.8 mm. The ER reaches the maximum value of 0.139. The results show that the
deviation of 0.1 mm in the diameter of the mixing chamber leads to a 13.3% decrease in the
ER. The ER decreased by 13.2% when the nozzle outlet diameter deviated from the optimal
value. The compact design meets the space constraints. The critical or subcritical mode
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mathematical model can effectively predict the ER of variable operating conditions. Suresh
et al. [40] proposed a parametric optimization framework for ejector geometric parameters
(AR and NXP) in waste heat-driven air conditioning systems using low-GWP refrigerants.
They analyzed the ER and ejection efficiency characteristics under varied thermodynamic
conditions using numerical simulation methods. The results show that increasing the AR
can significantly improve the ER. The ER of R1234yf and R1243zf reaches 0.51 at an AR of
5.33, which is 82% higher than the initial AR. The ER of R134a and R440a increase about
2.3 times under the same conditions. NXP has a significant effect on ER. The optimal NXP
is 10 mm, where the ER of R1234yf is the highest. The structure optimization shows that
10 mm NXP maximizes the ejection efficiency by forming a stable supersonic secondary
flow throat. The design is suitable for compact waste heat recovery systems.

The structural optimization of vehicle ejectors demonstrates substantial performance
improvements, with two-stage nozzle designs enhancing cooling capacity by 25-45% and
COP by 45-65% [42], while dual evaporator systems achieve 15% COP gains [43]. However,
geometric sensitivity remains a challenge—minor deviations (0.1 mm in mixing chamber
diameter) can reduce ER by 13.3% [51], highlighting manufacturing precision requirements.
(AR) increases boost ER (82% for R1234yf at AR = 5.33 [40]); optimal NXP (e.g., 10 mm [40])
must balance efficiency with compactness. Although ejector innovations (e.g., swirl con-
trol [45], throat diameter matching [49]) mitigate losses, real-world applicability under
transient conditions requires further validation.

In summary, the engine waste heat provides a feasible driving heat source for the
vehicle ejector refrigeration air conditioning system. The system features no moving parts, a
compact structure, and utilizes waste heat instead of mechanical compression. This scheme
can reduce the energy consumption of air conditioning by 12~17% [40] and demonstrates
nice performance in low-GWP working medium applications. However, the existing re-
search still faces key challenges. Firstly, the fixed geometry ejector makes it easy to enter the
subcritical mode under variable engine conditions. Secondly, real-time control strategies
for adapting to heat source fluctuations during vehicle operation remain underdeveloped.
Thirdly, experimental and operational data on low-GWP refrigerants in transcritical ejector
systems remain limited. Future research requires attention in the following directions:
developing an adaptive ejector structure responsive to operating conditions. The thermo-
dynamic behavior of a low-GWP working medium in the transcritical cycle should be
explored. This will improve the practicality and environmental benefits of vehicle waste
heat recovery.

4. Application of Ejector in Hydrogen Supply System for Fuel
Cell Engine

The hydrogen supply system of a fuel cell engine is significant for the hydrogen power
device, which is typically composed of a hydrogen storage device, a pressure-reducing
valve, a hydrogen ejector, a circulating pump, and a safety control unit. High-pressure
hydrogen is stored in a dedicated tank and is subjected to multi-stage pressure reduction to
enable precise control of hydrogen flow and pressure. As illustrated in Figure 5, the system
ensures coordinated hydrogen supply and tail gas recirculation according to the dynamic
demand of the fuel cell stack. The system is widely adopted in the fields of new energy
vehicles, rail transit, ship power, distributed generation, and industrial reserve power.
Key advantages include zero emissions, high energy conversion efficiency, and enhanced
environmental compatibility. Furthermore, ejector-based hydrogen recirculation systems
are particularly well-suited for long-endurance operations, low-temperature environments,
and high-load conditions, making them ideal for clean energy applications in demanding
operational scenarios.
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Figure 5. Hydrogen supply system for fuel cell engine [58].

The hydrogen ejector is the core component in a fuel cell engine’s hydrogen supply
system, which can deliver hydrogen with stable flow and pressure. Hydrogen ejectors
demonstrate fast response, high control precision, and high utilization rate of hydrogen.
They can quickly respond to the pressure and flow demand of the fuel cell system. This
technology not only improves engine performance but also significantly reduces emissions.
Therefore, hydrogen ejectors are important for realizing zero-emission vehicles [59]. The
hydrogen ejector has been adopted as a component in the recycling system of fuel cell
vehicles, including the Hyundai Nexo fuel cell vehicle (FCV) and Honda Clarity FCV [60].
In addition, a new concept is proposed: the ejector is integrated into the hydrogen refueling
process of the rail transit hydrogen refueling station. The integrated scheme can improve
the effective utilization of high-pressure hydrogen [61]. The application of hydrogen
ejectors represents a transformation in the vehicle industry towards cleaner and more
efficient transit solutions.

4.1. Progress on Hydrogen Supply Systems for Fuel Cell Engines
4.1.1. Progress on Early-Stage Hydrogen Supply Systems for Fuel Cell Engines

The significant potential of ejector technology in improving hydrogen fuel mixing and
pressure control was demonstrated in earlier related studies. In 2004, Marsano et al. [62]
employed numerical simulation to design a hybrid ejector with both a constant cross-section
and constant pressure for the anode recirculation system of solid oxide fuel cells. The results
show that for the constant pressure ejector at an operating pressure of 380 kPa, the suction
flow mass flow rate at the ejector inlet increases by 23% compared to the constant section
ejector. The Mach number of the mixing chamber is reduced to 0.4. The system reforming
efficiency increases by 15% relative to the baseline design. The pressure recovery coefficient
of the diffusion section is 0.92. Carbon deposition is successfully inhibited in the range
of 60~100% load. This early study reveals the critical role of ejectors in fuel reforming
systems and lays a theoretical foundation for subsequent on-board applications. A dual
ejection hydrogen fuel engine system was proposed by Kim et al. [63] in 2005 to address
high-load tempering, direct ejection mixing non-uniformity, and high-pressure hydrogen
supply sealing challenges. The experimental results show that the thermal efficiency of the
pure direct ejection scheme is reduced by 22% due to short mixing time, hydrogen leakage,
and ejection loss. The dual ejection system enables a smooth transition in the range of
59~74% load. A thermal efficiency improvement of up to 22% over the pure direct ejection
scheme is demonstrated in the low-load area. However, the system still faces efficiency
degradation in the high-load direct ejection area due to inadequate mixing. In 2006, Karnik
et al. [64] proposed an ejector-based dual-pressure control strategy for anode hydrogen
recirculation in PEMFC. The results show that the full-order observer can be constructed
only by measuring the anode pressure. The critical role of ejectors in improving fuel mixing
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uniformity and suppressing carbon deposition within hydrogen fuel cell recirculation
systems is collectively emphasized by these foundational studies.

The potential of ejector technology for resolving cost and stability challenges in fuel
cell hydrogen supply systems was demonstrated in earlier related studies. In 2007, Wee [65]
proposed a critical assessment framework aimed at addressing the commercialization bot-
tlenecks in PEMFC hydrogen supply systems. Key constraints associated with conventional
hydrogen production were identified in this framework, including CO, emissions and
anode catalyst poisoning risks, as well as deficiencies in high-purity hydrogen storage
and transit infrastructure. He evaluated practical solutions to advance large-scale PEMFC
deployment while mitigating environmental and operational challenges. The experimental
data show that the metal hydride hydrogen storage system achieves a driving range of
1.35 km/g in the light vehicle. However, this system is characterized by low volumetric
energy density and poor portability. The study highlights that the stability and cost control
of the hydrogen supply system represent fundamental obstacles impeding the application
of PEMEFC in the transit field. To achieve reduced costs for the hydrogen supply system,
Ahluwalia and Wang [66] proposed the utilization of an ejector for hydrogen recirculation
in 2008, which has the potential to reduce parasitic power consumption by 30% in vehicle
fuel cell systems. At the same time, the system cost is reduced to 108 USD/kW. The thermal
management system reduces the heat dissipation area by 40% compared to the traditional
design. This achievement marks the engineering validation of the ejector technology in
the vehicle fuel cell system, lowering costs while boosting efficiency. To improve hydro-
gen supply system stability, Zhu and Li [67] adopted the numerical simulation method
to investigate the ejection characteristics of the convergent nozzle ejector in the anode
recirculation line of the PEMFC under both critical and subcritical operating conditions.
The results show that the ER exceeds 2.0 when the primary flow pressure exceeds 5 bar. The
pressure recovery coefficient of the mixing chamber can be increased to 0.95. Additionally,
the boundary layer thickness of the secondary flow velocity is reduced by 38%.

Early studies of ejectors for fuel cell hydrogen supply systems found the ER in critical
mode to be insufficient, with deviations in critical pressure ratio threshold prediction and
low-pressure recovery coefficient in the mixing chamber. Furthermore, the recirculation
ratio proved unstable under transient conditions while secondary flow ejection efficiency
remained limited. These shortcomings resulted in fluctuations in carbon deposition sup-
pression, reduced precision in anodic humidity control, and an imbalance in steam recovery
rate, highlighting the pressing need for dynamic characteristic modeling and the develop-
ment of multivariable cooperative control strategies to ensure reliable, high-performance
operation in hydrogen supply systems.

4.1.2. Progress on Recent Hydrogen Supply Systems for Fuel Cell Engines

With the development of a multi-stage ejector structure and cooperative control strat-
egy, the research of hydrogen supply systems for fuel cell engines has made progress in
the limited working range of the traditional single ejector, pressure fluctuation, insufficient
hydrogen recirculation stability, and system efficiency attenuation under the condition of
wide power output in recent years.

In 2020, Kuo et al. [68] conducted both experimental and numerical investigations to
evaluate the performance of a passive venturi ejector aimed at enhancing hydrogen cycle
stability in PEMFC. The results show that the system’s startup time is shortened to 1000 s,
the hydrogen utilization rate is increased to 98.5%, and the net efficiency of the system
is improved by 19%. Voltage stability is maintained by the ejector even at power ratings
as low as 3.8%. Nitrogen penetration is reduced by 42% and steam-carrying efficiency is
increased by 28%. In the same year, to solve the problem of insufficient power adaptability
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of the hydrogen cycle ejector in the PEMFC system, hydrogen ER improvement under low
power conditions was studied by Han et al. [11] through nozzle switching. The impact
of secondary flow temperature, pressure, and humidity on entrainment performance of
a multi-nozzle ejector was investigated through experiments combined with numerical
simulation. The hydrogen supply range is extended to 0.27~1.6 g/s through design opti-
mization involving alterations to the mixing chamber diameter and the inclination angle
of the symmetrical nozzle throat. Numerical simulation and experimental verification
demonstrate that the multi-nozzle structure significantly improves the hydrogen ER un-
der low power conditions by alternating between the central nozzle and the symmetrical
nozzle. It is found that the secondary flow temperature, pressure, and humidity have a
significant impact on the entrainment performance, which provides an essential parameter
for the hydrogen supply optimization of a wide power PEMFC system. In 2021, Zhao
et al. [69] proposed a comparative assessment framework for PEMFC hydrogen supply
systems. This framework analyzes cycle configurations, equipment characteristics, and
control strategies to evaluate the performance differences and operational viability between
ejectors and hydrogen compressors. They identified critical advantages, limitations, and
control challenges across four distinct hydrogen supply architectures, with a focused anal-
ysis on the trade-offs between ejector and compressor systems. The results indicate that
compressor-based recirculation systems offer a wider adjustment range but rely on external
energy input. Ejector-based systems feature a simpler structure yet require geometric
optimization to expand their operational range.

To resolve the narrow working range and pressure fluctuations inherent in single
ejector configurations for PEMFC hydrogen supply, Chen et al. [70] in 2022 proposed a
dual ejector system that optimizes geometric parameters for distinct low-power and high-
power operational intervals. This system was investigated through numerical simulation
combined with experimental validation for optimal design and dynamic control. Experi-
mental results show that the dual-easer system achieves hydrogen recycling across the full
power range of 70 kW PEMFC. Optimized control reduces the anode pressure fluctuation
to less than 44 kPa during switching, effectively reducing the impact on battery life. In
2023, a nested double-nozzle ejector design integrating a bypass channel was proposed
by Chen et al. [71] to address the limitations of narrow working ranges associated with
single nozzle ejectors in PEMFC hydrogen supply systems. This design optimizes seven
geometric parameters (e.g., nozzle diameter, axial spacing) to extend the operational range.
A numerical simulation approach combined with experimental methods was employed
to validate the system’s hydrogen entrainment capability and anode pressure fluctuation
performance enhancement under variable fuel cell power conditions. Experiments show
that this design achieves full coverage of power output ranging from 9 to 100% in a 150 kW
PEMFC system. The required hydrogen ER is satisfied while anode pressure fluctuation is
significantly reduced compared to the conventional dual ejector system. The nested nozzle
design avoids pressure mutation during mode switching by sharing the mixing cavity,
thereby improving the system’s stability and efficiency.

4.2. Parameter Optimization and Structural Innovation of Hydrogen Ejector
4.2.1. Optimization of Geometrical Parameter and Structure of Hydrogen Ejectors

Optimizing the geometric parameters of hydrogen ejectors plays a crucial role in
enhancing the overall efficiency and stability of fuel cell hydrogen recirculation systems.
Dadvar and Afshari [72] adopted the numerical simulation method to study the design
parameters of the ejector of the anode recirculation system of the PEMFC. The results show
that when the ratio of the nozzle throat diameter to the mixing chamber diameter is 3.81,
the ER is increased to 0.8. The critical current density is reduced to 0.45 A/cm?, and the
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power coverage is extended to 35~100 kW. The hydrogen circulation efficiency improves
by 22.7% compared with traditional compressor-based systems. Pressure fluctuations at
the anode inlet are reduced by 38%. The total efficiency of the system is 54.3% and the
platinum catalyst loading is reduced to 0.3 mg/cm?. This parameter optimization study
proves that geometric size matching can significantly improve the cooperation efficiency
of the ejector and the stack. In studying the influence of ejector geometric parameters
on the recycling ratio for the optimization problem of hydrogen recycling efficiency in
an 80 kW PEMEFC system, Kuo et al. [73] adopted a numerical simulation method. The
results show that a nozzle throat diameter to mixing chamber diameter ratio of 2.2 leads to
a stoichiometric hydrogen ratio reaching its optimal value of 1.5, which is 11% higher than
the benchmark configuration. This study validates the effectiveness of specific geometric
parameter matching for optimizing hydrogen cycle efficiency. Yin et al. [74] adopted a
numerical simulation method to investigate the optimization strategy of a double-ring
cavity ejector structure, aimed at meeting the wide operating condition for hydrogen
cycling demand in a PEMFC. The results indicate that optimizing the nozzle design can
effectively eliminate the vortex phenomenon at the outlet, resulting in an 18.8% increase
in ER at idle speed. When the diameter of the mixing chamber is 6.5 mm, the system
achieves optimal hydrogen ER, system recirculation ratio, and hydrogen concentration
distribution uniformity in the current range of 31.1~559.8 A. The synergistic effect of the
two nozzles improves the uniformity of hydrogen concentration distribution by 15% in
the high-pressure area. Adopting a numerical simulation method, Antetomaso et al. [75]
studied the geometric parameter optimization strategy based on nozzle diameter scaling
for the scalability of hydrogen cycle ejectors in a PEMFC system. The results show that
reducing the nozzle diameter from 1.05 mm in the 5000 W system to 0.1 mm in the 300 W
system ensures the ER remains in a stable range of 1.2~2.3. The gradient of pressure drop
in the mixing chamber was reduced by 42%.

As to the study of the multi-parameter coupling optimization, Ding et al. [76] inves-
tigated the influence law of mixing chamber diameter (D;;) and nozzle expansion angle
(0) on non-equilibrium condensation strength and ejection performance of hydrogen cir-
culation ejectors for PEMFC system through numerical simulation. The results indicate
that non-equilibrium condensation reduces ejector efficiency. However, this negative effect
diminishes with the increase of D, and 6. There is a sensitive change zone of condensation
intensity with D;, = 2.65 mm and a significant weakening threshold with 6 = 11.0°. An
average increase of 16.8% and a maximum increase of 22.8% in the effective working range
are achieved with the optimized combination of D;;, = 2.40 mm and 6 = 11.0°. Similarly,
Arabbeiki et al. [77] adopted the numerical simulation method to investigate the influence
mechanism of the five-dimensional geometric parameters of the hydrogen circulation
ejector for PEMFC. These parameters include nozzle throat diameter, outlet position, and
mixing chamber length, all of which significantly affect the ER and the choked flow pattern.
The results indicate that the diameter of the nozzle throat and the outlet position exert
considerable influence on the ejection performance. The ER is increased by 20% after
optimization. Shock wave formation is suppressed to enhance the stability of the flow field.
The critical flow state of Mach 1.0 is maintained under design and off-design conditions.
The applicability of the ejector is broadened in the wide power range of 80-101 kW.

The reviewed studies demonstrate that geometric optimization of hydrogen ejec-
tors significantly enhances PEMFC system performance, with ER improvements up to
20% [77] and hydrogen circulation efficiency gains of 22.7% [72]. However, several critical
challenges emerge. While diameter ratios (2.2-3.81) effectively optimize stoichiometric
ratios [72,73], their applicability across power ranges (300 W-100 kW) requires careful
scaling [75]. Non-equilibrium condensation effects, though mitigated by parameter opti-
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mization (16.8% average improvement [76]), remain a fundamental limitation. The most
promising approaches combine multi-parameter optimization [76,77] with innovative de-
signs like double-ring cavities [74], yet real-world validation under transient conditions
is lacking.

4.2.2. Innovation of Adjustable Structure of Hydrogen Ejector

The innovation of the hydrogen ejector’s adjustable structure recommends dynamic
adjustment components such as variable nozzles, movable throats, or adjustable mixing
chambers. The innovation enables key geometric parameters, including flow area, expan-
sion ratio, or mixing efficiency, to be adjusted in real time according to actual operating
conditions when combined with intelligent control technology. Therefore, the dynamic
optimization of the internal flow characteristics and energy conversion process is achieved.
This significantly enhances the ejector’s adaptability, operational efficiency, and flexibility
under variable operating conditions.

In 2012, Brunner et al. [78] combined numerical simulation and experimental methods
to study the design, hydrogen recirculation flow rate, and stoichiometric ratio performance
of an adjustable ejector for the hydrogen recycling requirements of PEMFC. The geometric
parameters of the nozzle were optimized by CFD, and the electronic control needle valve
was designed to adjust the nozzle opening to realize the dynamic matching of flow. The
experimental results show that within a hydrogen flow range of 0.04~0.14 mol/s, control-
ling the needle valve displacement maintains a secondary flow pressure increase of 12~34
kPa. This pressure rise enables a consistent ER exceeding 60% across the operating range,
satisfying Ballard’s minimum stoichiometric requirement of 1.6 for hydrogen recirculation.
Employing experiments and numerical simulations, Jenssen et al. [79] in 2017 developed a
variable geometry ejector for cascading fuel cell stacks. The results show that adopting a
50:50 anode cascade ratio reduces the global hydrogen excess rate to 1.25 and sets the throat
diameter of the ejector to 4.6 mm. At the same time, this adoption extends the minimum
operating power of the system to 3.8% of the rated power and achieves 99.2% voltage
stability under load. In addition, the anodic voltage drop is reduced by 28% compared
with the traditional design. The ejection efficiency is increased by 19% in the 10~100 kW
power range. The introduction of a variable geometry ejector breaks the power adaptability
limitation of the traditional fixed structure for the system. In 2022, Zhao et al. [69] proposed
a comprehensive analytical framework for PEMFC gas supply systems, highlighting ejector
optimization mechanisms within hydrogen supply architectures to extend operational flexi-
bility through variable geometry nozzle adjustments. They adopted a review methodology
to evaluate the structural characteristics of adjustable ejectors, identifying technological
advancements that enhance working ranges through dynamic nozzle opening control. The
numerical simulation results show that the optimized nozzle AR significantly improves
the ejection performance, with ER reaching 62.5%~80%. In 2025, Seth et al. [80] adopted
numerical simulation to study the performance of variable geometry ejectors based on
moving needle valves in meeting the wide power range hydrogen cycling requirements of
PEMEFC. The results show that by adjusting the nozzle radius, the system’s working range
can be extended from 100 kW with fixed ejectors to a range of 17~100 kW. The application
of mobile needle valve technology indicates the maturity of the technology direction for
the next-generation adaptive ejector.

Variable geometry ejectors demonstrate significant advantages in PEMFC hydrogen
recirculation, with ER reaching 60-80% [69,78] and system power coverage expanding
by 83% [80]. However, their practical implementation faces challenges. While adjustable
needle valves enable dynamic flow matching (12-34 kPa pressure increase [78]), mechanical
complexity and control precision remain concerns. The 50:50 cascade configuration [79]
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improves voltage stability (99.2%) and reduces hydrogen excess rate (1.25), but scalability to
larger systems requires validation. Although variable geometry designs extend operating
ranges (17-100 kW [80]), their reliability under long-term cycling and transient conditions
is unproven.

4.2.3. Multi-Nozzle Cooperative Structure of Hydrogen Ejector

The multi-nozzle cooperative structure in hydrogen ejectors involves the integration
of multiple nozzles within a single ejector unit. Through the optimization of the spatial
layout of nozzles, ejection angle, and flow distribution parameters, this design leverages
flow field coupling mechanisms and dynamic control strategies to achieve synergistic
flow behavior and enhanced mixing among nozzles. This technology aims to enhance the
suction capability, improve the efficiency of energy conversion, and adapt to the needs of
complex operating conditions.

The full power range coverage of the ejector is enabled by the breakthrough in the
multi-nozzle structure. In 2020, Xue et al. [58] adopted the method of numerical simulation
combined with experimental verification to design a multi-nozzle ejector for the PEMFC
hydrogen circulation system. They investigated the effect of the simultaneous operation
of multiple nozzles working together on both the circulation ratio and eddy current sup-
pression. The results indicate that the cycle ratio of the dual-nozzle operation reaches
its maximum at a main pressure of 6.5 bar. This operational mode spans the 35~100 kW
power range, effectively suppresses mixing section eddy current, and maintains a stable
anode inlet pressure. The total power generation is increased by 17.5 times compared
with the single nozzle mode. The proposed cooperative working mode utilizing multiple
nozzles marks a new phase in actively controlling the flow field within the ejector. Given
the hydrogen cycling demand of PEMFC under wide operating conditions, Han et al. [11]
in 2020 adopted numerical simulation methods to study the entrainment performance of
multi-nozzle ejectors, which consist of a central nozzle and symmetrical double nozzles (as
shown in Figure 6). The results show that the working range of the multi-nozzle ejector is
extended to 0.27~1.6 g /s after optimizing the mixing chamber diameter and the symmetri-
cal nozzle throat inclination angle. This configuration achieves a 45% increase in working
range compared with the traditional single nozzle. The ER increases to more than 0.2 in the
low-power section. Furthermore, the CFD simulation results show that the kinetic energy
loss can be effectively suppressed by optimizing the collision position of the symmetric
nozzle. In 2023, Feng et al. [9] adopted numerical simulation methods to study the design
of multi-nozzle cooperative ejectors for the hydrogen recycling requirements of PEMFC
under wide operating conditions. The results show that a nozzle throat diameter to mixing
chamber diameter ratio of 3.2 and an ejection coefficient of 1.2 enable coverage of the power
range of 35-100 kW. At this time, the anodic pressure fluctuation is less than +0.15 bar,
which is 42% lower than the single nozzle scheme. The optimized multi-stage ejection
structure improves the hydrogen recycling efficiency to 68.5%, and the net efficiency of the
system is 58.6%. The platinum catalyst loading is reduced to 0.25 mg/cm?, and the heat
dissipation area of the thermal management system is reduced by 45% compared with the
traditional design.

Regarding the dual-nozzle, in 2021, Song et al. [81] adopted experiments combined
with numerical simulation methods to design a dual-nozzle ejector aimed at addressing the
hydrogen cycling problem of PEMFC under wide power conditions. The results indicate
that the dual-nozzle mode can cover the power range of 17~85 kW under the hydrogen
supply pressure of 250~700 kPa. The ER is increased to 2.1. In comparison to the single
nozzle mode, the pressure drop is reduced by 42% at low load conditions, while the
mixing uniformity is increased by 37% at high load conditions. Additionally, the structure
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also reduces the diameter of the nozzle throat to 1.38 mm, and the pressure recovery
coefficient within the diffusion section reaches 0.92. The steam-carbon ratio is stable above
2.4. Furthermore, the nitrogen permeability on the anode side is reduced by 53%. Under
the low-temperature starting condition, Chen et al. [71] adopted numerical simulation
combined with an experimental method to study the parameter optimization of nested
dual-nozzle ejectors for the wide operating condition hydrogen cycling requirements of
PEMEC. The results show that seven geometric parameters are optimized, including the
diameters of the large and small nozzles and axial spacing, which the nested nozzle ejector
enables a power range of 9% to 100%. The ER increases to 1.5~2.5, significantly broader
than the narrow operating range achievable with conventional single nozzle ejectors. The
CFD simulation shows that the pressure gradient of the mixing chamber is reduced by 19%.
The nested structure reduces the pressure fluctuation at the anode inlet by 89% compared
to the conventional dual ejector system. The design of nested double nozzles marks the
innovation of the ejector structure into the stage of three-dimensional flow field fine control.
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Figure 6. Schematic diagram of multi-nozzle ejector [11].

The development of multi-nozzle ejectors represents a significant advancement in
PEMEFC hydrogen recirculation systems, demonstrating remarkable performance improve-
ments. The dual-nozzle configuration achieves a 45% wider operating range [11] and
increases ER to 2.1 [81] while reducing pressure drops by 42% at low loads. However, these
designs introduce new challenges: (1) The complex flow dynamics in multi-nozzle systems
require precise geometric optimization, as seen in the 19% pressure gradient reduction
achieved through seven-parameter optimization [71]. (2) While anode pressure fluctuations
are reduced by 42-89% [9,71], the manufacturing tolerances for such systems become more
stringent. (3) The benefits of increased system efficiency (up to 68.5% [9]) must be balanced
against the added complexity of multi-nozzle control strategies.

In summary, the hydrogen supply system of fuel cell engines significantly improves
the hydrogen cycle efficiency and operating condition adaptability through technological
innovation and structural optimization of hydrogen ejectors. The cooperative design of
multiple nozzles and the innovation of an adjustable structure extend the power coverage
to the whole working range. The dynamic intelligent control technology reduces the
anode pressure fluctuation to less than £0.15 bar. The net efficiency of the system is
improved to 58.6% [9]. The technology faces challenges, including insufficient hydrogen
recycling stability across wide power output ranges, limited efficiency in suppressing
transient pressure fluctuations, efficiency attenuation from reduced mixing uniformity at
high loads, and performance fluctuations during low-temperature startup ejection. Future
research needs to focus on the development of multi-scale dynamic optimization algorithms,
the application of new erosion-resistant materials, and the construction of a cooperative
regulation model for gas-liquid—solid multiphase flow. Overcoming the bottlenecks of
dynamic pressure instability and multi-nozzle flow field interference is crucial to advancing
hydrogen supply systems toward high efficiency and long lifespan.
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5. Application of Ejector in New Pressure Reduction System for
Compressed Air-Powered Vehicles

Novel compressed air-powered vehicle (APV) pressure reduction systems intelligently
regulate compressed air pressure, enabling efficient and stable energy conversion between
high-pressure storage tanks and power units. Core components include multi-stage re-
duced pressure valves, pressure sensors, and electronic control units, which dynamically
optimize air pressure output and recover braking residual pressure. Ambient air is com-
pressed to high pressure by external air compressors and stored in onboard gas storage
tanks, as depicted in Figure 7. During vehicle operation, the high-pressure air is reduced to
motive pressure by the pressure-reducing valve before entering the compressed air engine,
where it expands to perform work that drives the vehicle. Throttling energy losses are
reduced through the application of multi-stage expansion technology and power recovery-
type pressure-reducing valves, thereby enhancing overall energy utilization. This system is
primarily applied in zero-emission compressed APV, including urban short-distance logis-
tics vehicles, park shuttles, and industrial special vehicles. This technology is particularly
suited to low-temperature or closed environments, such as cold chain transit and mine
tunnel operations, achieving both environmental protection and endurance improvement.
In the new compressed air power vehicle systems, APV represents a new energy vehicle
utilizing high-pressure air as the power source. These vehicles could perform truly zero
pollution through compressed air-powered engines. The decompression method for high-
pressure gas is regarded as a key technology in compressed APV. Due to the current high
energy consumption associated with high-pressure gas decompression, a novel pneumatic
vehicle decompression system has been developed, employing an air ejector to replace the
throttle valve. This system increases output power by more than 13% [82].
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Figure 7. Main components of APV [83].

5.1. Progress in Air-Powered Vehicles and Compressed Air Energy Storage

Research on APV and compressed air energy storage has advanced from fundamental
theory verification to complex system optimization. In compressed APV power systems,
approximately 50% of energy loss occurs during the decompression process [83], highlight-
ing the critical importance of optimizing pneumatic engine operation to improve overall
energy efficiency. This finding reveals how traditional pressure-reducing valves constrain
pneumatic system efficiency, making pressure regulation technology innovation a research
hotspot. Although the technical method has gradually clarified, breakthroughs in system
energy conversion efficiency remain challenging.

Many scholars investigate the technical characteristics and environmental economy
of APV through reviews and numerical simulations. The results indicate that, despite
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advantages such as zero emissions and low maintenance costs, the technology is limited
by bottlenecks, including low energy density, thermodynamic loss during expansion, and
gas storage pressure attenuation. These bottlenecks lead to shorter driving ranges and
lower overall energy efficiency. Meanwhile, hybrid integration, multi-level expansion opti-
mization, and energy recovery technology are proposed as methods to enhance practicality,
with the short-distance low-speed scenario regarded as the main application direction at
this stage.

Verma [84] proposed a critical feasibility framework for compressed APV technologies,
which integrates technical principles, development status analysis, and system viability
assessments. This framework aims to evaluate structural configurations and environmental
and economic advantages, as well as identify critical bottlenecks in the transition towards
sustainable mobility. Verma assessed deployment barriers and scalability potential of
air-powered propulsion systems in modern transport infrastructure. The results show that
compressed air technology presents several benefits, including zero pollution, low mainte-
nance costs, and convenient fuel preparation. However, low energy density is observed,
and gas storage pressure significantly decreases with use. Furthermore, the expansion pro-
cess causes a sharp temperature drop, leading to icing problems. The practical application
process is seriously restricted by these factors. To quantify energy efficiency, environ-
mental impact, and economic viability across the operational and manufacturing phases
of compressed APV, Papson et al. [85] developed a comprehensive lifecycle assessment
framework. They adopted a numerical simulation methodology to evaluate fuel economy
and endurance performance under the European urban driving cycle (UDC), with parallel
analysis of carbon emissions throughout the vehicle lifecycle. The results indicate that the
comprehensive efficiency of the APV pump to the wheel is merely 14.7%, which is limited
by the low energy density of compressed air and the thermodynamic loss of the expansion
process. The UDC range is determined to be only 29 miles, with full cycle carbon emission
of 626 g CO, per mile and a fuel cost of USD 0.21 per mile. These indicators are signifi-
cantly worse compared to those of gasoline and electric cars. Although this technology
demonstrates zero exhaust emission characteristics, it is primarily suitable for low-speed,
short-distance applications. Shi et al. [83] conducted a review to assess the technical status
and formulate improvement strategies for APV, addressing low energy density, limited
thermodynamic efficiency, and insufficient driving range. The influence of compressed
air energy density, multi-stage expansion efficiency, and energy recovery technology on
pump-to-wheel efficiency has been analyzed through theoretical modeling and comparison
with existing data. Structure optimization increases APV energy conversion efficiency to
19.8%, while maintaining zero exhaust emissions. However, the vehicle range remains
limited to just 29 miles, and the energy density of compressed air is significantly lower
than that of lithium-ion batteries and conventional fuel systems. Therefore, the energy
loss and system integration problems in the compression/expansion process need to be
further studied.

Regarding hybrid APV, Marvania and Subudhi [86] proposed a comprehensive techni-
cal synthesis for compressed air engines, which integrates historical development, working
mechanisms, thermodynamic efficiency modeling, and aerodynamic hybrid propulsion
schemes. They evaluated critical feasibility constraints (including low energy density, rapid
tank pressure decay, and irreversible expansion losses) that limit the practical implemen-
tation of pure compressed air power systems. The experimental results show thata 10 L
gas storage tank supports only 2 km of endurance. However, the aerodynamic hybrid
system can reduce fuel consumption by 8%~59% through braking energy recovery in coop-
eration with an internal combustion engine. The multi-stage expansion strategy, exhaust
gas recirculation, and gas storage pressure constant technology should be optimized to
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improve future practicality. Therefore, it is suggested that this technology be prioritized
for short-distance low-speed scenarios. To address energy efficiency and commercializa-
tion bottlenecks for compressed air hybrid power systems, Wasbari et al. [87] proposed a
comprehensive optimization framework that integrates regenerative braking, multi-stage
compression/expansion, and energy recovery techniques across series, parallel, and hybrid
architectures. They evaluated technological feasibility approaches to address operational
constraints and enable sustainable commercialization. The results showed that series, paral-
lel, and hybrid architectures significantly improve fuel economy in the UDC. However, the
commercialization of these systems is limited by the energy density of compressed air and
the safety concerns of high-pressure storage tanks. Therefore, endurance improvements
require lightweight materials, heat loss utilization, and system integration optimization.

The application of ejector technology to compressed air energy storage system pres-
sure regulation is gradually improving problems, including irreversible thermodynamic
loss during high-pressure gas multi-stage decompression, limited throttle efficiency of
traditional pressure-reducing valves, and insufficient energy conversion rate. This decom-
pression method of using ejectors to improve the compressed air energy storage system
can be used in a new compressed APV. Guo et al. [88] designed a dual ejector system
framework for adiabatic compressed air energy storage (A-CAES) through comparative
optimization analysis to mitigate pressure regulation losses. They adopted an experimental
approach combined with numerical simulation to validate the ejector’s operational efficacy
in reducing throttling losses and enhancing energy recovery efficiency. The results show
that replacing the traditional pressure-reducing valve with an ejector increased the system’s
energy conversion efficiency from 61.95% to 65.36%, representing a 3.41% improvement.
This outcome verifies the ejector’s effectiveness in reducing pressure losses and optimizing
the energy storage system’s energy conversion efficiency. Ejector technology has been in-
troduced into the pressure control field, providing a new method for improving pneumatic
system energy efficiency. Chen et al. [89] employed a novel ejector-based throttling strategy
to mitigate throttling losses in A-CAES systems. The results show that optimal values exist
for the ejector ER and the active flow pressure, while the system performance is less affected
by ambient temperature. By classifying pressure into three levels (high/medium/low),
high-pressure air drives the ejector to compress low-pressure air to medium pressure. This
strategy reduces throttling exergy destruction by 23.1% and increases the system’s round-
trip efficiency by 2.00 percentage points (from 66.22% to 68.22%). Zhou et al. [90] employed
numerical simulation to reduce throttling losses in compressed air energy storage systems
by replacing throttle valves with ejectors. The results indicate that by recovering the outlet
air pressure energy from the third-stage compressor, the ejector reduces the compressor’s
unstable speed range from 0.491 to 0.771. Simultaneously, the system’s average exergy
efficiency is observed to increase with increasing initial gas storage pressure, with the
optimization effect being particularly significant at low initial pressure.

APV exhibits zero-emission advantages but faces critical limitations in energy density
and thermodynamic efficiency, restricting its viability for mainstream mobility. While struc-
tural optimizations can improve energy conversion efficiency to 19.8% [83], the technology
remains impractical for long-range applications, with a maximum UDC range of only
29 miles and high lifecycle emissions (626 g CO,/mile) [85]. Hybrid architectures mitigate
some limitations—reducing fuel consumption by 8-59% [86]—but cannot overcome the
fundamental energy density gap versus batteries or fuels. Ejector-based pressure regulation
shows promise in CAES systems, improving efficiency by 3.41% [88] and reducing exergy
losses by 23% [89], yet these gains are insufficient to offset APV’s core drawbacks. For
sustainable deployment, APV systems must prioritize niche applications (e.g., low-speed,
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short-distance transport) while integrating hybrid solutions and advanced materials to
address energy storage and expansion losses.

5.2. System Integration Optimization of Air Ejector

Compressed air potential energy historically powered certain manufacturing or transit
systems as a versatile energy source. In the late 19th century, this form of energy was
adapted for vehicle propulsion. During the latter half of the 20th century, considerable ef-
forts were directed toward using compressed air for electrical energy storage [91]. Currently,
advances in ejector technology are being incorporated into compressed APV.

The efficiency of air ejectors is significantly improved through thermodynamic opti-
mization in compressed air energy storage systems, where exergy loss and heat dissipation
are simultaneously reduced, enabling adaptation to high fluctuating energy demand. In
2016, Guo et al. [88] proposed a comparative dual-system framework for A-CAES to miti-
gate exergy loss during pressure reduction by integrating multi-level pressure regulation
through ejector technology. They contrasted a traditional pressure-reducing valve operating
between 6.40 and 2.50 MPa (System 1) with stepwise ejector control (System 2), developing
thermodynamic optimization methods to reduce throttling loss. They adopted a combined
numerical simulation and experimental methodology to quantify exergy recovery and
validate thermodynamic enhancement effects in multi-stage pressure regulation processes.
The results demonstrate that the ejector increases turbine inlet pressure through momentum
exchange. Consequently, the power output of System 2 rose from 3.80 MW to 5.51 MW,
and the overall energy conversion efficiency improved from 61.95% to 65.36%. Parameter
analysis indicates that mixing a working fluid at 5.00 MPa with a suction fluid at 1.80 MPa
effectively balances pressure loss and flow gain, thereby validating the proposed tech-
nique’s optimization potential for boosting energy storage density. In 2023, Rabi et al. [92]
analyzed the ejector thermodynamic optimization strategy to optimize compressed air en-
ergy storage systems. The results demonstrate that the incorporation of ejectors significantly
enhances gas-liquid mass transfer and energy recovery, thereby effectively addressing the
problems of high heat dissipation and low efficiency in traditional compressed air energy
storage systems. This thermodynamic optimization strategy enables ejector technology
to effectively accommodate the intermittent and highly fluctuating energy output char-
acteristics of compressed APV. In 2024, Liu et al. [93] adopted numerical simulation to
study pressure loss during throttling processes in compressed air energy storage systems
and to investigate thermodynamic optimization of ejector-enhanced systems. The results
indicate that the round-trip efficiency of the new system was improved by 3.07%, while
exergy loss decreased by 401.9 kW compared to the traditional adiabatic system during
the decompression process. Based on advanced exergy analysis, it is recommended that
system improvements should prioritize optimizing the ejector structure, followed by the
optimization of the turbine and compressor.

Through intelligent design and optimal configuration, the air ejector multi-system
cooperative integration was achieved. Meanwhile, the deep integration of air ejector
technology with other related systems, such as power, control, and sensing, is required.
Efficient cooperation and information exchange among subsystems have been realized,
thereby improving the overall system performance, energy efficiency, and reliability. In
2021, Sadeghi and Ahmadi [94] proposed a combined cooling, heat, and power supply
system that integrates compressed air energy storage with CO, ejector refrigeration tech-
nology. The results indicate that the system consumes 72.02 MW of power during the
charging phase while generating 136.56 MW in the discharge phase, providing a 1.96 MW
cooling load and a 65.8 MW heat load. The cycle efficiency is found to be 81.15%, and the
exergy efficiency is 56.57%. After optimization, the exergy efficiency increases to 68.19%.
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Adopting the numerical simulation method in 2022, Cao et al. [95] studied an A-CAES
system aimed at optimizing the configuration of an integrated single ejector in the final
compression stage. The results show that by ejecting the third-stage compressed air as
the secondary flow, the compressor backpressure fluctuation range is reduced by 39.87%.
When the initial gas storage pressure is 5.0 MPa and the ER is 0.168, the system achieves a
round-trip efficiency higher than that of the traditional constant voltage operation modes
by 2.73%. Meanwhile, reaching the highest value of 57.94%, energy consumption is reduced
by 5.36%. The findings demonstrate that the ejector significantly broadens the compressor’s
working range and improves energy storage efficiency. Additionally, this confirms that
ejector technology contributes to improving compressor stability under variable working
conditions, which is particularly important for the frequent start and stop conditions of
compressed air energy storage systems. In 2023, Yang et al. [96] utilized a numerical simu-
lation method to investigate pressure regulation in compressed air energy storage systems,
specifically discussing the power generation time and total power generation of an energy
storage system integrated with an ejector and burner. The results indicate that with the
ejector coefficient of 0.8 and the burner heat power of 10 MW, the system power generation
time is extended to 12.45 h, with total power generation reaching 140,052 kWh. Compared
to the non-supplementary combustion mode, these values represent increases of 15.6 times
and 17.5 times, respectively. The ejector mixes high-pressure air with low-pressure ambient
air, significantly improving the air mass flow rate at the turbine inlet, while the burner
provides thermal energy compensation. This integrated approach effectively overcomes
the inherent limitation of short power generation duration in traditional A-CAES systems.

The integration of ejector technology in CAES demonstrates significant thermody-
namic improvements yet faces critical challenges in practical implementation. While Guo
et al. [88] achieved a 3.41% efficiency gain (61.95% to 65.36%) through dual-system ejec-
tor optimization, this improvement remains marginal relative to the energy demands of
large-scale applications. Similarly, Liu et al. [93] reported a 3.07% round-trip efficiency
increase, highlighting the limitations of incremental gains from ejector-based throttling loss
mitigation. The multi-system integration approach shows promise, with Yang et al. [96]
achieving a 17.5-fold power generation increase through ejector-burner hybridization,
but this introduces complexity in control and thermal management. The technology’s
adaptability to fluctuating energy demands is validated by Rabi et al. [92], yet system-level
reliability under dynamic conditions requires further validation. While ejectors enhance
compressor stability (39.87% backpressure fluctuation reduction [95]), their scalability to
industrial-scale CAES remains unproven.

In summary, ejector technology has been recommended for use in the pressure reduc-
tion systems of compressed air-powered vehicles, offering significant improvements in
energy conversion efficiency. The multi-stage pressure regulation and residual pressure
recovery strategy effectively reduces traditional throttle valve losses, improving system out-
put power efficiency by 13% [82]. However, technological development is limited by core
bottlenecks, which include turbulence loss caused by thermodynamic irreversibility, the
synergistic contradiction between lightweight gas storage and thermal management, and
insufficient ejector dynamic matching capability. Future efforts should aim to achieve coor-
dinated improvements in both energy density and efficiency, address temperature drops
during the expansion process, enable dynamic matching of multi-stage decompression pa-
rameters, and enhance the system’s round-trip efficiency. These advancements are essential
to overcoming key technical challenges and promoting the practical implementation of
energy-efficient compressed air technologies.
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6. Other Applications of Ejectors in the Field of Rail Transit

As rail transit develops towards high speed, intelligence, and sustainability, ejector
technology innovation expands from single-function realization to multi-objective collabo-
rative optimization, offering significant value for a wide range of related systems. Active
airflow control dynamically adjusts bow mesh contact force within the pantograph pneu-
matic system with simultaneous aerodynamic noise suppression. The train vacuum toilet
system enhances sewage collection efficiency and reduces water consumption through
negative pressure suction. For the train ventilation system, multi-stage ejection combined
with personalized air distribution strategies optimizes thermal environment adjustment
precision and enhances energy efficiency. Within track cleaning and maintenance de-
vices, stubborn pollutants are efficiently removed from infrastructure and vehicle surfaces
through high-pressure ejector technology.

6.1. Pantograph Pneumatic System

As a critical component device in electric traction vehicles, the pantograph pneu-
matic system achieves precise control of pantograph lifting and contact pressure through
coordinated operation of pneumatic actuators, solenoid valves, and sensors. This sys-
tem dynamically adjusts the contact state between the pantograph slide and the catenary
wire, with widespread application in high-speed railways, urban rail transit, and trolley
buses. Rising operating speeds of high-speed trains make aerodynamic optimization of
pantographs a key research direction to improve bow network flow quality.

Ikeda et al. [97] proposed an ejector-integrated pantograph design for high-speed
trains, leveraging controlled airflow from the slide surface to modulate aerodynamic noise
suppression and lift dynamics. They adopted a wind tunnel experimental methodology to
investigate the impact of ejector flow characteristics on critical aerodynamic performance
metrics under operational conditions. Unilateral ejection alters the lift coefficient by 0.04,
translating to a 20 N lift force variation for a full-scale pantograph (1 m span) at 300 km/h,
enabling active uplift force control. Bilateral ejection reduces narrowband noise at the
vortex-shedding frequency (430 Hz) by 5 dB (from baseline levels), though inducing broad-
band noise above 1 kHz due to ejector flow. PIV confirmed that ejected jets suppress vortex
roll-up and stabilize trailing edge shear layers, simultaneously enhancing aerodynamic
stability and mitigating aeroacoustic noise. Building on prior research, subsequent scholars
began exploring more efficient pneumatic control systems. To modulate aerodynamic
stabilization in high-speed trains, Ikeda et al. [98] proposed a dual-source ejector-integrated
pantograph lift control system leveraging external and self-supplied airflow. They adopted
a combined numerical simulation and wind tunnel experimental approach to investigate
the aerodynamic control effectiveness of these ejector configurations under operational
flow regimes. The results indicate that the lift coefficient can be significantly altered by
the internal circulation airflow within the self-supplied ejector, achieving a lift adjustment
range of up to £20 N at 300 km/h. Numerical simulations further reveal that the trailing
edge vortex system can be reconstructed and the separation flow inhibited through ejector
flow. This method effectively resolves contact force instability caused by pantograph lift
fluctuation, offering a practical solution for low-noise pantograph design and current
collection performance optimization.

Suzuki et al. [99] proposed a self-circulating ejector system for pantograph aerody-
namic regulation in high-speed trains, utilizing internal airflow circulation to enhance lift
stability and aerodynamic control. They adopted a combined numerical simulation and
wind tunnel experimental approach to investigate the aerodynamic-aeroacoustic perfor-
mance of this integrated system under operational conditions. The results show that trailing
edge ejection can significantly alter the flow structure, forming a cyclic vortex system and
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increasing the lift coefficient by 0.25. During experimental validation, the circular ejector
slightly reduces the lift control range while effectively suppressing lift fluctuations in the
high-speed regime. The practicality of this ejector system for the collaborative optimization
of pantograph aerodynamic noise and lift force is confirmed. This research improves
the early ejector design through structural innovation, pushing circulating airflow con-
trol technology toward engineering applications. With growing emphasis on high-speed
train energy efficiency requirements, recent research has increasingly focused on aerody-
namic drag optimization as a key area of improvement. Huang et al. [100] proposed an
ejector-integrated aerodynamic optimization framework for high-speed train pantographs,
leveraging position-, velocity-, and slot-width-adjusted flow field modulation to achieve
drag reduction. They adopted a numerical simulation with an improved delay-detached
eddy simulation model to analyze ejector control technology effects on flow structure
and resistance characteristics under actual aerodynamic operating conditions. The results
demonstrate that when the distance between the ejector slot and the pantograph leading
edge is less than 0.6 times its height and the ejector velocity is below 0.6 times the train
speed, the drag reduction rate continuously increases with rising ejector velocity, reaching
a maximum reduction of 25.03%. Reducing the ejector slot width enhances the drag reduc-
tion effect, though ejector energy consumption requires consideration. Increasing ejector
velocity contributes more significantly to drag control than expanding slot width. Overall,
train energy saving is only applicable when the ejector speed remains below 0.6 times the
train speed. This research provides a theoretical basis for designing ejector drag reduction
systems in high-speed trains.

The integration of ejector technology in high-speed train pantographs demonstrates
significant potential for aerodynamic optimization yet presents notable trade-offs in prac-
tical implementation. While Ikeda et al. [97] achieved a 5 dB reduction in narrowband
noise (430 Hz) through bilateral ejection, this came at the cost of induced broadband noise
above 1 kHz, highlighting the challenge of balancing noise suppression across frequency
ranges. The technology shows greater promise in aerodynamic stabilization, with Ikeda
et al. [98] demonstrating +20 N lift adjustment at 300 km/h, effectively addressing contact
force instability. However, Huang et al. [100] revealed critical limitations in energy effi-
ciency, where maximum drag reduction (25.03%) is only achievable when ejector velocity
remains below 0.6 times train speed—a constraint that may limit operational flexibility.
The self-circulating ejector design by Suzuki et al. [99] improved the lift coefficient by 0.25
but sacrificed some control range, underscoring the need for design compromises.

6.2. Train Vacuum Toilet System

As an efficient sanitary treatment device based on negative pressure suction tech-
nology, the train vacuum toilet system generates a pressure difference in the pipeline
through a vacuum generator to enable rapid collection and sealed transmission of excreta.
Compared to traditional gravity drainage systems, this approach offers significantly en-
hanced water-saving efficiency. Additionally, the use of narrower pipelines reduces both
the overall weight and space requirements of the train. Owing to these advantages, vacuum
toilet systems are widely applied in high-speed railways, subways, long-distance buses,
and aviation.

Guo [10] experimentally combined a dynamic pressure response model to study the
energy-saving optimization of a pneumatic ejector circuit, addressing the energy con-
sumption problem of vacuum sanitation systems. A variable vacuum system incorporates
a mass sensor to detect excreta volume and activate a control linkage that adjusts air
supply, dynamic regulating vacuum degree based on waste amount. For ejectors, a pneu-
matic circuit pressure variation equation was established, confirming the feasibility of
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generating a small vacuum at low waste volumes. The experiments demonstrate that,
compared to fixed vacuum systems, this design achieves over 50% energy savings within
0.2x1073~1.6x1073 m3 waste volumes while exceeding 99% collection rates. Research
on the aerodynamic characteristics of similar vacuum sanitation systems reveals multi-
dimensional propulsion characteristics. Guo et al. [101] proposed an intelligent sanitary
ware system integrating liquid level /mass sensors and adjustable pneumatic ejector circuits
for demand-matching vacuum discharge power, addressing energy-saving requirements in
next-generation sanitation systems. A combined experimental and numerical simulation
approach was adopted to develop and validate a control strategy capable of dynamically
adjusting the ejector air supply duration based on real-time excreta volume. The results
demonstrate that compared with traditional fixed vacuum systems during manual waste
collection, the variable vacuum system saves over 30% of energy. The effectiveness of
the pneumatic ejector in achieving adaptive energy adjustment within the vacuum sani-
tation system is verified, providing a theoretical basis for energy-saving optimization of
ejector-driven vacuum systems.

To enhance aerodynamic efficiency and vacuum-generation performance in train sani-
tation applications, Fujino et al. [102] developed a multi-parameter diagnostic framework
for optimizing vacuum ejector systems, integrating valve sizing, pipeline configurations,
and gas-path layouts. They adopted a combined experimental and numerical simulation
approach utilizing high-response fast-flow sensors for transient pressure/flow measure-
ments to quantify energy efficiency dynamics under operational transient conditions. The
results indicate that pressure loss can be reduced by increasing the diameter of the pres-
sure relief valve and optimizing pipe size and path, which increases the ejector vacuum
discharge rate by 18%. It is proven that pneumatic component optimization reduces sys-
tem supply pressure to 0.6 MPa, achieving 26% lower compressed air consumption while
maintaining ejector functionality. This provides a quantitative basis for the energy-saving
design of vacuum toilets. Advancing sensor technology drives intelligent progression
of vacuum regulation research. Fujino et al. [103] developed a multi-parameter impact
assessment framework for aerodynamic energy consumption in train vacuum sanitation
systems, quantifying the influence mechanisms of ejector operational states and sewage
storage tank volumes on system efficiency. The experimental methodology implemented
high-response pneumatic power meters to measure real-time pressure, flow rate, and
airflow energy dissipation. By actively adjusting sewage tank volumes and controlling
the start—stop sequences of the ejector, the study provided detailed insights into system
energy dynamics. It is found that reducing the sewage tank volume increases the vacuum
pressure to —55 kPa while shortening the ejector air supply time to 2.5 s. The results show
that the optimized system maintains a sewage transmission distance of 2.24 m, reducing
aerodynamic energy consumption by approximately 20% compared to the initial state. The
feasibility of energy consumption optimization through ejector timing control and sewage
storage tank structure improvement is verified.

The reviewed studies demonstrate significant progress in ejector-based vacuum
sanitation system optimization yet reveal critical limitations in practical implementa-
tion. While Guo [10] achieved a remarkable 50% energy savings through dynamic
vacuum adjustment, this performance is constrained to a narrow waste volume range
(0.2 x 1073~1.6 x 1072 m?®), potentially limiting broader applicability. Fujino et al. [102]
showed that component optimization could reduce air consumption by 26%, but the
achieved 18% discharge rate improvement may not justify the required system redesign
costs in existing installations. The intelligent system by Guo et al. [101] presents a 30%
energy saving advantage yet raises concerns about sensor reliability and maintenance
complexity in harsh sanitation environments. Fujino’s subsequent work [103] demon-
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strated 20% energy reduction through tank volume optimization, but the achieved —55
kPa vacuum pressure may be insufficient for certain high-demand applications.

6.3. Train Ventilation System

As a key system for maintaining carriage air quality and environmental comfort, the
train ventilation system is controlled through dynamic airflow organization and pressure
balance. It enables air circulation and filtration, temperature and humidity control, and
targeted pollutant removal. Its core framework integrates efficient filtering modules, low-
noise wind units, and an intelligent control unit. The system performs effectively in high
speeds or closed environments while maintaining stable cabin air pressure and fresh air
supply, and is widely applied in high-speed rail, subway, intercity train, and other rail
transit fields.

Starcheous et al. [104] proposed a cascaded power converter-integrated heating sys-
tem for railway transit units, utilizing hybrid-controlled multi-stage ejectors wherein the
first stage mixes converter-generated high-temperature air with ambient air, and the sec-
ond stage dynamically regulates recirculation rates through valve modulation to achieve
compartment-specific thermodynamic precision. A combined theoretical and experimental
approach was employed to develop and validate this novel system for dynamic tempera-
ture regulation across operational load ranges. The experiments show that implementing
an adjustable ejector increased the maximum system pressure to 0.6 MPa while thermal effi-
ciency improved by 40% over conventional electric heating systems. Through the secondary
recovery of waste gas heat, the energy utilization rate reaches 78%. Research confirms
that the ejector structure effectively solves the contradiction between high-temperature air
transit and comfort control. The scheme provides an innovative solution for energy-saving
heating of transit equipment. Although energy efficiency is significantly improved, the
scheme’s fine regulation of airflow distribution within the carriage remains to be further
explored. By analyzing airflow uniformity and thermal comfort through detailed CFD
modeling of passenger thermal loads and diffuser geometries to optimize airflow dis-
tribution efficacy, Iranzo et al. [105] proposed a comparative ventilation framework for
railcar environmental control systems. They adopted a numerical simulation to evaluate
vertical ejector versus horizontal guide diffuser airflow regulation during actual ventilation
operational. Research shows that the original diffuser’s vertical ejector caused the local
wind speed in the passenger area to reach 3.7 m/s—exceeding the comfort standard limit of
1 m/s—while the improved design reduces the maximum wind speed to 2.4 m/s through
horizontal diversion and better balances the temperature field and velocity field. The results
provide an important basis for optimizing railway vehicle ventilation systems. Schmeling
et al. [106] developed a multi-nozzle personalized ventilation system aimed at optimizing
thermal comfort in high-temperature rail transit environments. The system features six
adjustable airflow nozzles designed to modulate localized thermal sensations based on
passenger feedback and equivalent temperature metrics. They adopted an experimental
methodology combining equivalent temperature measurements and subjective evaluations
from 40 subjects to analyze flow rate-dependent thermal environment dynamics across
294~314 K operational ranges. The results show that the maximum flow rate of the ejec-
tor could reduce the chest equivalent temperature by up to 9 K, significantly improving
thermal comfort. Although the nozzle orientation remains fixed, individualized control
of airflow rates led to a 20% increase in subjective comfort ratings. However, the study
also identified a residual risk of thermal discomfort in the head and foot regions due to
insufficient airflow distribution. This research marks a paradigm shift from global energy
saving to precise and comfortable regulation of railway ventilation systems. Dynamic
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perception technology should be further combined in the future to achieve full-area thermal
environment optimization.

The reviewed studies highlight significant advancements in ejector-based thermal
regulation for rail transit but reveal critical limitations in practical implementation. While
Starcheous et al. [104] achieved a 40% thermal efficiency improvement and 78% energy
utilization rate, the system’s reliance on 0.6 MPa pressure raises operational safety and
maintenance cost concerns. Iranzo et al. [105] demonstrated that optimized diffuser designs
reduced local wind speeds from 3.7 m/s to 2.4 m/s, yet this still exceeds the 1 m/s comfort
standard, indicating persistent challenges in balancing ventilation efficacy with passenger
comfort. Schmeling et al. [106] showed promising results with a 9 K reduction in equivalent
temperature and 20% improvement in subjective comfort ratings, but the system’s inability
to address thermal discomfort in the head and foot regions reveals fundamental limitations
in localized airflow distribution.

6.4. Rail Transit Cleaning and Maintenance Device

Rail transit cleaning and maintenance equipment is specialized for removing pol-
lutants from rail infrastructure and vehicle surfaces, integrating high-pressure ejector
cleaning technology, intelligent identification and positioning technology, and environ-
mental protection recovery treatment technology. This equipment efficiently removes dust
from track slabs and contact nets, along with stubborn stains on car bodies. Featuring
modular designs with multi-modal adaptability, such systems are deployed in various
forms, including track grinding vehicles, tunnel-cleaning robots, and platform maintenance
units. It is widely used across high-speed railway lines, urban subways, freight railways,
and cross-sea bridge track scenarios. Vasic et al. [107] adopted combined experimental
and numerical simulations to investigate cleaning technologies for a low-adhesion railway
track. These technologies include high-pressure water ejectors, sand ejectors, and Sandite, a
mixture of quartz sand and gel. A high-pressure water ejection system employing 1000 bar
pressure and a 30-degree nozzle angle effectively removes the contaminated film from the
track blade. However, the residual wet film requires treatment with Sandite to increase the
adhesion coefficient to 0.09. The results indicate that the cleaning efficiency of the ejector
peaks at 40 mph, although leaf contamination is prone to reappearing. Sodium bicarbonate
spray applied at 4.5 mph selectively strips pollutants and exhibits environmental protection
characteristics. Although such combined mechanical-chemical cleaning schemes have
achieved initial results, their high-speed cleaning efficiency and long-term stability still
require further optimization.

In summary, the innovative application of ejectors in rail transit has significantly
enhanced overall system performance across multiple subsystems. The pantograph pneu-
matic system utilizes self-supply gas ejection technology enabling £20 N dynamic lift
adjustments at 300 km/h [98]. A vacuum toilet system incorporating intelligent sensing
and variable vacuum ejectors achieves over 50% energy savings [10]. The ventilation sys-
tem, combined with multi-stage ejection and personalized nozzle design, has demonstrated
a 40% improvement in thermal efficiency [104]. Track cleaning devices employing 1000
bar high-pressure ejector technology efficiently remove pollutants. However, challenges
remain in balancing high-frequency noise generation with ejector energy consumption.
Problems of low-load vacuum stability and scaling attenuation coexist, while carriage
airflow uniformity and dynamic thermal response precision require optimization. High-
speed cleaning, durability, and antifouling capabilities are limited. Future research requires
overcoming bottlenecks in high-frequency noise suppression, low-load vacuum stability
improvement, carriage airflow uniformity optimization, and high-speed cleaning durability
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enhancement to realize collaborative performance and sustainability upgrades for ejectors
in rail transit systems.

7. Conclusions

This paper comprehensively reviewed the application and research progress of ejector
technology in rail transit driven by energy conservation and energy transition. This review
summarizes current technical achievements, identifies research shortcomings, and indicates
future research hotspots.

Based on the comprehensive review, the following conclusions can be drawn:

(1) Vehicle ejector refrigeration air conditioning is driven by vehicle waste heat energy
and utilizes ejector refrigeration technology to replace the traditional compressed
refrigeration system in automobiles. This system can reduce the energy consumption
of the air conditioning system by 12~17%. Its application has important economic
and social benefits for improving the primary energy utilization rate.

(2) The hydrogen ejector serves as the core component of the fuel cell engine’s hydrogen
supply. It not only improves engine performance but also significantly reduces emis-
sions, resulting in a 9% reduction in high-pressure hydrogen demand. It represents
one of the key technologies for realizing zero-emission vehicles.

(3) In pneumatic vehicle pressure reduction systems, throttle valves are replaced by air
ejectors, a design modification that increases system output power by more than 13%.

(4) In pantograph pneumatic systems, the lift force is dynamically adjusted by 20N
at 300km/h through self-supply gas ejection technology. Vacuum toilet systems
exceed 50% by intelligent sensing and variable vacuum ejectors. Ventilation systems
improve thermal efficiency by 40% through the combination of multi-stage ejection
and personalized nozzle design. Track cleaning devices efficiently remove pollutants
by adopting 1000 bar high-pressure ejector technology.

However, there are still many challenges affecting the current research:

(1) Inrail transit engine waste heat recovery, the fixed geometry ejector readily enters
subcritical mode under variable engine operating conditions, causing the cooling
capacity to be suddenly reduced and the coefficient of performance to be significantly
attenuated. Data scarcity exists for global warming potential working fluids applied
in the transcritical cycles. The coefficient of performance of traditional compression
refrigeration systems is much lower than the theoretical value for ejector refrigeration,
limiting the system’s actual energy efficiency improvement.

(2) In hydrogen ejector technology, insufficient stability of hydrogen recycling under
wide power output causes anodic pressure fluctuations exceeding +0.15 bar during
transient conditions. Mixing uniformity decreases at high load, resulting in the
system’s net efficiency decaying to 58.6%. The ejection ratio fluctuates more than
7.3% when starting at low temperatures, while hydrogen recovery efficiency reaches
only 97.2%.

(3) In pressure reduction systems for new compressed air-powered vehicles, turbulence
loss is caused by thermodynamic irreversibility, with conventional pressure relief
valves inducing 50% energy loss. Although the ejector increases power output by
13%, the system round-trip efficiency is only 57.94%. Synergistic contradictions exist
between lightweight gas storage and thermal management.

(4) In other rail transit applications, a prominent contradiction exists between ejector
noise reduction and energy consumption balance in the pantograph pneumatic sys-
tem. Although the bilateral ejector reduces narrowband noise by 5 dB, wideband
noise above 1 kHz is triggered. Insufficient vacuum stability occurs in the vacuum
toilet system under low load conditions, while scaling-induced performance reduc-
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tion is observed. The ventilation system’s airflow distribution uniformity requires
optimization. The insufficient high-speed cleaning durability of the high-pressure
ejector cleaning device easily allows pollutant reproduction.

8. Future Perspectives
Future research will focus on the following topics, as summarized in Table 2:

(1) Through dynamic intelligent regulation and structural innovation, a machine learning-
based ejector pressure threshold prediction algorithm should be developed to improve
variable working condition adaptability. A nested double-nozzle ejector requires a
different design to extend power coverage. An adjustable swirl nozzle and mobile
needle valve structure should be developed to achieve dynamic flow matching. Multi-
nozzle flow field interference suppression technology should be further developed.

(2) Through multi-system energy efficiency collaborative optimization, a hybrid
pneumatic—electric architecture integrating residual pressure recovery and a multi-
level decompression strategy should be established. Integration between fuel cell
hydrogen supply systems and refueling station ejectors requires enhancement to
improve hydrogen recycling efficiency. The cylinder liner water-driven ejector cooling
system is to be strengthened to reduce the exhaust exergy loss rate.

(3) Through the application of transcritical cycles and environmentally friendly working
medium, research on CO, transcritical ejector refrigeration systems can be deepened
through backpressure optimization to improve round-trip efficiency. The injectivity
characteristics of global warming potential working fluids require investigation under
wide operating conditions to enhance the coefficient of performance. Ammonia
working medium applications are to be expanded in low-temperature refrigerated
transit to overcome the environmental limitations of conventional refrigerants.

(4) Through the construction of a multi-physics field simulation platform integrating
computational fluid dynamics and electrochemical mechanisms (e.g., fuel cell mul-
tiphase flow coupling), an ejector-stack cooperative model should be established to
overcome hydrogen recirculation instability across wide power ranges.

Table 2. Structured future research agenda for ejector technology in rail transit, grouped by applica-
tion domain.

Application Domain Specific Technology Focus Future Research Direction

Developing machine learning-based ejector pressure
Dynamic regulation and structural ~ threshold prediction algorithms; designing nested
innovation double-nozzle ejectors; creating adjustable swirl
nozzles and mobile needle valve structures.

Waste heat recovery

Developing multi-nozzle flow field interference
suppression technology; constructing multi-physics
simulation platforms for ejector-stack cooperation.

Flow field optimization and system

Hydrogen systems integration

Optimizing multi-level decompression strategies;
designing thermally—mechanically coupled gas
storage systems.

System architecture and efficiency

Air-powered vehicle
enhancement

Through the above technological breakthroughs, the cross-generation upgrade of
ejectors to high energy efficiency, long life, and intelligence will be promoted, and the green
and low carbon transformation of rail transit will be facilitated.
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Nomenclature

ER Entrainment ratio
PEMFC  Proton exchange membrane fuel cell

cor Coefficient of performance
ML artificial intelligence

Al Machine learning

ANNs Artificial neural networks
Gas Genetic algorithms

AR Area ratio

NXP Nozzle exit position

CFD Computational fluid dynamics
PIV Particle image velocimetry
ODP Ozone depletion potential
GWP Global warming potential
FCV Fuel cell vehicle

APV Air-powered vehicle

A-CAES  Adiabatic compressed air energy storage
SOFC Solid oxide fuel cell

Mg Ratio of entrained fluid flow rate
ny Motive fluid flow rate
N Pressure ratio
Py Diffuser discharge pressure
Ps Suction fluid pressure
Py Motive fluid pressure
7 Efficiency of ejector
Eout Output power
Ei Input power
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