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Abstract: To improve the recovery of waste heat and avoid the problem of abandoning wind and solar
energy, a multi-energy complementary distributed energy system (MECDES) is proposed, integrating
waste heat and surplus electricity for hydrogen storage. The system comprises a combined cooling,
heating, and power (CCHP) system with a gas engine (GE), solar and wind power generation,
and miniaturized natural gas hydrogen production equipment (MNGHPE). In this novel system,
the GE’s waste heat is recycled as water vapor for hydrogen production in the waste heat boiler,
while surplus electricity from renewable sources powers the MNGHPE. A mathematical model was
developed to simulate hydrogen production in three building types: offices, hotels, and hospitals.
Simulation results demonstrate the system’s ability to store waste heat and surplus electricity as
hydrogen, thereby providing economic benefit, energy savings, and carbon reduction. Compared
with traditional energy supply methods, the integrated system achieves maximum energy savings
and carbon emission reduction in office buildings, with an annual primary energy reduction rate
of 49.42–85.10% and an annual carbon emission reduction rate of 34.88–47.00%. The hydrogen
production’s profit rate is approximately 70%. If the produced hydrogen is supplied to building
through a hydrogen fuel cell, the primary energy reduction rate is further decreased by 2.86–3.04%,
and the carbon emission reduction rate is further decreased by 12.67–14.26%. This research solves
the problem of waste heat and surplus energy in MECDESs by the method of hydrogen storage and
system integration. The economic benefits, energy savings, and carbon reduction effects of different
building types and different energy allocation scenarios were compared, as well as the profitability of
hydrogen production and the factors affecting it. This has a positive technical guidance role for the
practical application of MECDESs.

Keywords: multiple energy complementation; distributed energy systems; waste heat and surplus
electricity; hydrogen production; energy storage

1. Introduction

China has proposed achieving a carbon peak target by the year 2030 and carbon
neutrality by 2060. To realize these goals, multi-energy complementary distributed energy
systems, comprising combined cooling, heating, and power (CCHP), solar power genera-
tion, and wind power generation, are increasingly being applied in China. Additionally,
hydrogen, as a green energy source, can aid in meeting the aforementioned goals. The
main hydrogen production methods in China encompass production from coal, natural
gas, methanol, etc. Currently, hydrogen production from natural gas is widely used around
the world [1,2]. “Blue hydrogen” from natural gas exhibits lower carbon emissions than
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“gray hydrogen” from coal, and it is more cost-effective than “green hydrogen” produced
from water through photovoltaic electrolysis.

In 2020, buildings’ energy consumption accounted for 45.5% of total energy consump-
tion in China, and the total carbon emissions from the production of building materials to
building operation represented 50.9% of the country’s overall carbon emissions [3]. Energy
saving and reducing carbon emissions are becoming increasingly crucial. The application
of distributed energy systems, such as solar power generation, wind power generation,
and CCHP, plays a significant role in energy saving and carbon reduction. Therefore, the
analysis of multi-energy complementary distributed energy systems (MECDESs) including
wind, solar electricity generation, and CCHP in buildings is essential.

As an effective supplement to the centralized commercial power supply system, a
MECDES can independently output multiple energy products, including cold, heat, and
electricity, to buildings by integrating systems scientifically. It can recover waste heat
through co-generation technologies such as absorption refrigeration. However, during
intermediate seasons or at night, the cooling or heating load of buildings may decrease, or
even sometimes there is no load at all. During such periods, the waste heat generated by
the gas engine (GE) cannot be utilized for cooling or heating through the lithium bromide
absorption refrigerating and heating machine (LBARHM). It may have to be discharged
into the atmosphere, resulting in energy waste and environmental thermal pollution. Due
to the direct impact of climate change, the electricity generation of solar and wind, which
are important parts of a MECDES, may not align well with the hourly electricity demand
of buildings. This mismatch leads to surplus electricity from solar and wind power. The
reverse input of surplus electricity into the grid affects the stable operation of the power
grid. Storing and utilizing the waste heat and surplus electricity of the MECDES becomes
a crucial challenge in its application. Investigation reveals that a lot of waste heat and
surplus electricity can be utilized in the hydrogen production process by using miniaturized
natural gas hydrogen production equipment (MNGHPE) at a hydrogen station [4–6]. Hence,
finding a scientific method to store the waste heat and surplus electricity of the MECDES as
hydrogen and making the integrated system’s produced energy meet the building’s energy
demand is meaningful.

Regarding past MECDES research, C. Weber et al. [7] in 2011 studied distributed
energy planning and optimized the layout of a district heating and cooling pipe network.
In 2013, Akomeno Omu et al. [8] proposed a configuration model for optimizing distributed
energy networks. In 2014, Hongbo Ren et al. [9] used multi-scale modeling methods to
analyze distributed energy systems in China at different scales. In 2016, German Tobias
Falke et al. [10] proposed a multi-objective optimization model for investment planning and
operation management of a distributed thermal power supply system and applied it to the
area of a medium-sized town in Germany to analyze the cost and CO2 emission reduction
effect. In 2017, M. Di Somma et al. [11] conducted a multi-objective design optimization
of distributed energy systems through cost and exergy assessment. In 2018, Georgios
Mavromatidis et al. [12] from Switzerland proposed a model to optimize the design of
distributed energy systems under uncertainty, expressing it as a two-stage random mixed
integer linear program. In 2019, Yurou Zheng [13] conducted an in-depth discussion on
common optimization methods for developing distributed energy systems, summarized
the application status of optimization algorithms in optimization problems, and put forth
suggestions for the integrated application of algorithms according to different actual
situations. In 2020, Hui Liu et al. [14] proposed a new MECDES comprising a gas boiler,
back pressure unit, wind power generation equipment, solar power generation equipment,
and battery energy storage. They conducted modeling, simulation, and case analysis of
the proposed system. In 2021, Zichi Wang et al. [15] analyzed the microgrid formed by
MECDES and an integrated energy management system and realized an optimization
model to minimize economic cost and energy consumption.

Regarding past research on hydrogen production, in 2012, Juyuan Jiang et al. [16]
presented the design, fabrication, and testing of an electrochemical reactor for wastewater



Sustainability 2024, 16, 1811 3 of 46

treatment, hydrogen production, and waste heat recovery. Po-Jui Li et al. [17] analyzed high-
temperature gas-cooled reactors for optimal waste heat recovery and hydrogen production.
In 2016, Ethem Toklu et al. [18] created an efficient, effective, and multi-disciplinary solution
package to produce hydrogen by evaluating waste heat. In 2017, Jinfang Chen et al. [19]
described the process flow of hydrogen production from natural gas, analyzing the total in-
vestment and cost of hydrogen production with a capacity of 2000 m3/h. Siyi Luo et al. [20]
produced glassy slag and reused the heat for the production of hydrogen-rich gas via
biomass catalytic pyrolysis. In 2018, H. Ishaq et al. [21] analyzed an integrated trigeneration
system for electricity, hydrogen, and fresh water production using waste heat from a glass
melting furnace. In 2020, Bin Zheng et al. [22] analyzed the influence of changes in fin
structure on the hydrogen production capacity of a methane–steam reforming system. Their
results showed that when the fin type changed from a straight fin to a triangular fin, the
average temperature of the solid particle decreased by 30.5 K, the heat recovery efficiency
increased by 7.9%, and the system’s hydrogen production increased. In 2021, Zhimei
Zheng et al. [23] generated concentrated solar heat (473.15–573.15 K) through medium- and
low-temperature solar thermochemistry to drive the methanol decomposition reaction and
produce hydrogen. Subsequently, the hydrogen produced electricity and heat through the
chemical reaction of solid oxide fuel cells. The waste heat was utilized in the micro gas
turbine for power generation. Fu Wang et al. [24] attempted to integrate the engine with the
solid oxide electrolyzer, using the engine’s waste heat to enhance the electric energy con-
version efficiency of electrolytic hydrogen production. Dmitry Pashchenko [25] conducted
a thermodynamic analysis of various hydrocarbon reforming reactions to determine the
effectiveness of thermochemical waste heat recuperation systems, to assess the feasibility
of hydrogen production. Abdullan E. Alali et al. [26] utilized waste heat to enhance the
thermal performance of the gas turbine modular helium reactor by waste heat utilization
in power generation and hydrogen production. In 2022, Zisong Wang et al. [27] reviewed
the research progress of miniaturized natural gas hydrogen production technology by
domestic and foreign research teams. They explained the basic principle of natural gas
hydrogen production. Yan Cao et al. [28] tried to recover heat from biomass for hydrogen
production. Yan Cao et al. [29] researched a novel hybrid energy system consisting of
a molten carbonate fuel cell (MCFC) and explored different options for generating hy-
drogen from the waste heat of the MCFC. Somayeh Parsa et al. [30] utilized the exhaust
gas from a homogeneous charge compression ignition engine containing waste heat for
hydrogen production. Yan Cao et al. [31] proposed a new energy system based on a fuel
cell, RR-ORC, and PEME for green generation of hydrogen and power from the recovery of
waste heat from an efficient solid oxide fuel cell. Merve Ozturk et al. [32] utilized waste
heat from a cement plant to generate hydrogen and blend it with natural gas. In 2023,
Mohamed M. Ismail et al. [33] developed a renewable energy-based multigenerational
waste-to-energy system using the pyrolysis of polyethylene plastic waste to produce hydro-
gen. Kubilay Bayramoglu [34] utilized waste exhaust gas from marine diesel engines for
hydrogen production. He increased the temperature and employed catalysts throughout
the system to enhance hydrogen production. Mohamed Nasser et al. [35] utilized waste
heat from a hybrid system of the Rankine cycle with a proton exchange membrane and
a solid oxide electrolyzer for hydrogen production. Shayan Sharafilaleh et al. [36] pro-
posed a novel combined cycle based on gas turbines for a fixed power output of 10 MW
using biomass as a co-fuel with natural gas, integrated with hydrogen production via
a proton-exchange membrane electrolyzer. Amira H. Ali et al. [37] used novel lead-free
inorganic CuO/Cs2SnCl6-KI perovskites as efficient photocatalysts for generating H2 from
wastewater. Yi Ge et al. [38] proposed a natural-gas-based combined cooling, heating, and
power (CCHP) system with waste heat to hydrogen for energy storage. In the novel system,
steam reforming of methanol (SRM) was applied between the internal combustion engine
(ICE) and absorption chiller, integrated with a hydrogen tank, and a proton-exchange
membrane fuel cell (PEMFC) for energy storage. Maria Camila Garcia Vallejo et al. [39]
analyzed hydrogen production in stand-alone processes and energy-driven biorefineries.
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The thermochemical processes presented higher economic profitability than the electrolytic
processes. This can also prove that natural gas hydrogen production by thermal chemical
methods is more economical than electrolytic hydrogen production by renewable energy.
In China, Guishi Cheng et al. [40] analyzed and predicted the potential of green hydrogen
production by photovoltaic-powered water electrolysis using machine learning methods.
G.Kubilay Karayel et al. [41] developed a unique approach to examine the possibility of hy-
drogen generation through the utilization of renewable energy sources, specifically onshore
and offshore wind power in Canada. The study explored the potential of these sources for
the production of green hydrogen, and helped establish hydrogen hubs and the growth
of hydrogen networks across the country based on the potentials identified. Muhammed
Arslan et al. [42] developed models for assessing Turkey’s geothermal resources’ green
hydrogen production potential, employing thermodynamic and thermoeconomic analyses.
They revealed the optimal conditions and configurations for efficient hydrogen production
from Turkey’s geothermal resources, through exploring the thermophysical properties of
geothermal fluids. Tuo Zhang et al. [43] proposed a solar-to-hydrogen electricity and ther-
mal storage system, in which low-grade waste heat was converted into electrical energy by
the flexible thermoelectric generator within the system. They used photothermal catalytic
water splitting to produce renewable hydrogen.

Regarding past research on waste heat utilization, in 2013, Hao Fang et al. [44] from
Tsinghua University proposed a holistic method for the comprehensive and efficient utiliza-
tion of low-grade industrial waste heat. They attempted to recycle industrial waste heat for
district heating in northern China. In 2017, Pawel Ziolkowski et al. [45] analyzed a waste
heat recovery system based on a binary steam cycle. They aimed to replace steam with
a low-boiling fluid to effectively utilize a large amount of low-grade waste heat. In 2018,
M. Kofinger et al. [46] simulated the integration of renewable heat sources and industrial
waste heat for seasonal storage and cross-season utilization. Yan Li et al. [47] proposed
a new multi-heat source cascade heating system based on the utilization of power plant
waste heat. Hacer Akhan et al. [48] studied a novel waste heat utilization system, consisting
of transpired solar collector panels and a capillary tube heat exchanger. In 2020, Yang
Liu et al. [49] proposed a CCHP system based on LNG cold energy utilization and flue gas
waste heat recovery with CO2 capture. Chao Chu et al. [50] constructed a MECDES with
cross-season heat storage for an office building in Beijing. The MECDES consisted of CCHP,
a solar collector, and a cross-season heat storage system. Most of the above studies focused
on using waste heat for district heating or absorption heat pumps to provide cooling and
heating water for buildings. There have been few studies on using waste heat from natural
gas to produce hydrogen. Yihan Wang et al. [51] developed and evaluated a novel carbon
dioxide capture system that combines cooling, heating, and power (CCHP) based on a
cement plant with waste heat utilization. Yongyi Li et al. [52] studied a novel combined
cooling and power (CCP) system utilizing liquefied natural gas (LNG), cryogenic energy,
and low-temperature waste heat. Yongjia Wang et al. [53] analyzed and evaluated the
performance of a heat pipe flue gas waste heat utilization system. Yuan Wang et al. [54] pro-
posed a water-heating and dish-drying system based on a heat recovery unit to recover heat
from the exhaust air of a commercial kitchen. In 2023, Weiming Song et al. [55] proposed
a new method for obtaining gaseous fuels by pyrolyzing waste biomass and using waste
heat in the converter vaporization cooling flue (CVCF) to ensure the proper utilization of
waste biomass and high-temperature waste heat. Andrei Wallin et al. [56] investigated the
techno-economic feasibility of utilizing two commonly available waste heat sources (waste
air and wastewater) in an urban environment. The results show a significant reduction
in the required borehole length with waste heat utilization, particularly in shallow bore-
fields, with maximum reductions of 53.9% (apartment building) and 25.8% (office building).
Lili Wang et al. [57] proposed a novel CO2 hybrid geothermal system that incorporates
a GSHP heating system. The hybrid geothermal system used CO2 as the underground
working fluid, and electricity and waste heat were employed to assist the ground source
heat pump for heating, ventilation, and air conditioning. Fu Wang et al. [58] used a solid
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oxide electrolyzer cell integrated with a marine diesel engine to utilize both electricity and
waste heat for hydrogen production. Yuncheng Lan et al. [59] proposed a method using a
thermoelectric generator to recover waste heat from proton-exchange membrane fuel cell
exhaust gas to produce hydrogen and established economic and life-cycle climate perfor-
mance models to evaluate the economic and environmental performance of the system.
Matjaz Valant et al. [60] proposed an inventive thermochemical cycle that utilizes a reaction
between iron and HCl acid for hydrogen production. The reaction occurs spontaneously
at room temperature, yielding hydrogen and a FeCl solution as a by-product. This study
explored the thermal decomposition of low-temperature industrial waste heat (250 ◦C) and
reported that chlorine gas formation can be circumvented. Lianbo Mu et al. [61] studied
the performance of a heat exchanger added at the rail of a gas-fired boiler (FGCHE) under
different hydrogen blending ratios. Their results show that the mass heating value of the
hydrogen-enriched natural gas and the water vapor content increase as the hydrogen blend-
ing ratio increases, and the flue gas waste heat recovery utilization ratio and energy-saving
efficiency of the FGCHE can be promoted. Xinyue Zhao et al. [62] proposed a new method
of waste heat utilization that combines waste heat from clean biogas power generation with
flue gas from industrial silicon production to power supercritical carbon dioxide cycles.

Most of the previous studies on hydrogen production and waste heat utilization
have discussed integrated systems of hydrogen production and waste heat utilization.
However, the integration of a hydrogen production energy storage system and building
energy modules has not been studied. According to previous studies, high-temperature
water vapor is required for hydrogen production. On the other hand, a large amount of
high-temperature residual smoke (368–469 ◦C) is generated by natural power generation.
So, it is possible to try to produce high-temperature water vapor for hydrogen production
through a waste heat recovery boiler to reduce the energy consumption of hydrogen
production from natural gas. The solar radiation, wind speed, and some other factors
may be the main factors affecting this system. We investigated the energy-saving rate,
carbon reduction rate, and economic effect of the integrated hydrogen production system
in various types of public buildings such as office buildings, hotels, and hospitals. This
innovative research puts forward a new energy system integrating waste heat and surplus
electricity for hydrogen production, and clarifies the mathematical model of waste heat and
surplus electricity for hydrogen production and energy storage through the MECDES. The
parameters that affect hydrogen production in the integrated system were extracted, and
sensitivity analysis of each parameter factor was carried out. In addition, the integrated
system was applied in different types of public buildings, and the economic benefits, energy
savings, and carbon reduction effects of the integrated system were analyzed.

2. Research Methodology
2.1. Technical Approach

Figure 1 illustrates the technical approach of this study. An integrated system utilizing
waste heat and surplus electricity to produce hydrogen for energy storage was created
through a combination of the MECDES and MNGHPE. The multi-energy complementary
distributed energy system consists of CCHP with a gas engine, solar, and wind power.
The gas engine produces waste heat during periods of no heating or cooling load in the
building, while solar and wind energy generate surplus electricity when the building’s
demand is lower than the supply. The waste heat and surplus electricity are transmitted to
the MNGHPE for hydrogen production.
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The comparison of energy efficiency between the traditional energy supply mode
and the mode of waste heat and surplus electricity for hydrogen production is shown in
Figure 2a,b. The traditional energy supply method involves supplying commercial elec-
tricity for the building’s power load and cooling load, and natural gas for the heating load
and hot water load through a gas-fired hot water boiler. The thermal electricity generation
efficiency in China is about 38.6%. If we consider electricity transmission loss of 4.6%, the
terminal electricity generation efficiency is about 34%. In other words, if 100% of the energy
is put into electricity generation, then only 34% of the energy will be the final amount of
electricity used in buildings. The thermal efficiency of the gas boiler is about 95%; that is,
if 100% of the energy is put into the boiler, about 95 % of the energy is finally used in the
building. As shown in Figure 2b, the electricity generation efficiency of natural gas through
a gas engine can generally reach 44%. Due to the negligible transmission loss from the gas
engine in the building, its terminal electricity generation efficiency remains at 44%. The gas
engine’s residual smoke can be utilized in the LBARHM to produce cold or hot water. In
periods of no cooling and heating load, the gas engine’s waste heat can be recovered by a
waste heat boiler. The recovered waste heat can be converted into high-temperature water
vapor for the hydrogenation reaction in the MNGHPE. While the hydrogen production
efficiency of the MNGHPE is approximately 70% [63], the generated hydrogen can serve as
fuel for electricity generation through hydrogen fuel cells with electricity generation effi-
ciency of 56%. Consequently, the terminal electricity generation efficiency will be 39% [64],
which is still higher than the 34% electricity generation efficiency of the grid. Therefore,
this combination method of a multi-energy complementary distributed energy system and
a hydrogen production system has better energy efficiency than the traditional energy
supply method.

As shown in Figure 3, the components of the MECDES discussed in this study in-
clude a gas engine (GE), a lithium bromide absorption refrigerating and heating machine
(LBARHM) using waste heat from the GE, several solar panels, several small wind turbines,
the battery, and an inverter. The GE uses natural gas as raw material to generate electricity
and generates high-temperature smoke at the same time. The high-temperature smoke
enters the LBARHM to produce hot or cold water, which is used for cooling or heating the
building. The electricity generated by solar and wind energy is used to power the building
through the battery and inverter, and the rest will be returned to the grid if there is no
integrated system for hydrogen production.
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Figure 3. Multi-energy complementary system (MECDES) and integrated system for hydrogen
production. (Note: “GE” stands for gas engine; “LBARHM” stands for lithium bromide absorption
refrigerating and heating machine; “WHRB” stands for waste heat recovery boiler; “GC” stands for
gas compressor; “MNGHPE” stands for miniaturized natural gas hydrogen production equipment.
The charging and discharging efficiency of the battery is 95%, respectively).

The integrated system for hydrogen production is based on the MECDES plus a waste
heat recovery boiler (WHRB) that can recover waste heat, miniaturized natural gas hydro-
gen production equipment (MNGHPE), and the gas compressor (GC). When the building
has a cooling or heating load demand, the smoke generated by the GE is passed into the
LBARHM to produce cold or hot water for cooling or heating. The remaining smoke is
passed into the WHRB to produce high-temperature water vapor for hydrogen production.
The electricity generated by solar panels and small wind turbines is preferentially supplied
to the building, and the remaining power (surplus electricity) is supplied to the miniatur-
ized natural gas hydrogen production equipment (MNGHPE). The WHRB is a waste heat
recovery boiler that can use waste smoke to produce high-temperature water vapor for
hydrogen production. The water vapor is then transferred to the MNGHPE for hydrogena-
tion. The MNGHPE is an integrated device for easy installation and movement on site. It
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includes the reactor required for hydrogenation reaction, a medium converter, the system
control panel, desulfurizer, waste gas tank, etc. In addition, the integrated system includes
the gas compressor (GC) for compressing the natural gas before entering the MNGHPE or
compressing the produced hydrogen before entering the hydrogen tank. In the MECDES,
the electricity generated by solar and wind energy is first stored through batteries, and then
converted into AC power through the inverter for supply to the building preferentially.
When there is surplus electricity after supply to the building, then the surplus electricity is
supplied to the MNGHPE to provide the operating power for the equipment and the power
load for hydrogen purification. The charging and discharging efficiency of the battery is
95%, respectively.

2.2. Model of the System
2.2.1. Gas Engine

The gas engine can generate electricity and heat at the same time by using natural gas.
The equations for electricity generation and thermal power production are as follows [65]:

PGE = Vgas × Qgas×ηGE /3.6 (1)

QGE =
PGE
ηGE

(1 − ηGE − ηL) (2)

where PGE (kW) is the generation electricity of the gas engine, Vgas (m3/h) is the natural
gas consumption of the gas engine, Qgas (MJ/m3) is the calorific value of natural gas, ηGE
is the electricity generation efficiency of the GE, QGE (kW) is the waste heat recovery of the
gas engine, ηL is the rate of the heat loss of the GE.

Table 1 displays the technical parameters of a gas engine of a type which is widely
used in China. Electricity generation efficiency increases as the load rate increases. It
reaches a peak of 43.6% at 100% load rate, with gas consumption of 974 Nm3/h, smoke
volume output of 23,502 kg/h, and power output of 4000 kW. At 75% and 50% load rates,
efficiency is 42.3% and 39.9%, with natural gas consumption of 750 Nm3/h and 527 Nm3/h,
and smoke volume outputs of 18,097 kg/h and 12,716 kg/h, respectively. For equipment
safety, the gas engine typically operates at a load rate exceeding 50%.

Table 1. Technical parameters of the gas engine. (Note: Gas engines generally operate at a load
rate of more than 50%, “smoke volume” indicates the residual smoke generated by the gas engine’s
power generation).

Technical Parameters of the Gas Engine

Power load rate 100% 75% 50%

Electricity generating efficiency 43.6% 42.3% 39.9%

Gas consumption (Nm3/h) 974 750 527

Smoke volume (kg/h) 23,502 18,097 12,716

Input energy (kW) 9249 7129 5010

Rated electricity generation (kW) 4000 3000 2000

The electricity generation of the GE PGE (kwh/h) is decided using the following formula:

PGE =
ETGE × 50% EL − EP − EW ≤ ETGE × 50%

EL − EP − EW ETGE × 50% < EL − EP − EW ≤ ETGE
ETGE EL − EP − EW > ETGE

(3)

where PGE (kW) is electricity generation of the GE, ETGE (kW) is the total generating
capacity of the GE, EL (kW) is the building’s electricity load, EP (kW) is the solar electricity
generation capacity, EW (kW) is the wind electricity generation capacity. For the safe
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operation of the GE, its operating load is generally set at more than 50%. In the absence
of hydrogen fuel cells’ power, the building’s electricity load is provided by the GE, solar,
and wind electricity generation. When the electricity generation of the GE is known, the
amount of natural gas consumed by the GE can be calculated using the aforementioned
Formula (1).

According to the performance data analysis of this GE, the smoke volume MT (kg/h),
the PGE (kW), and the ETGE (kW) of the GE follow the relationship outlined in Formula (4).
According to actual investigation, the load rate of the GE is maintained at more than 50%.

MT = 21572 × PGE

ETGE
+ 1926 (4)

The power generated by the gas engine is all used in the buildings and will not be
returned to the grid. To ensure that all the electricity generated by the gas engine is used
in the building, the total floor area of the simulated building park should be set to at
least 3,000,000 m2. Therefore, the simulated application object of this integrated system
is a building with a total floor area of 3,000,000 m2. A building with a total floor area of
3,000,000 m2 was selected as the case study. In addition, the waste heat generated by the
gas engine is preferentially supplied to the building for heating and cooling. Only when the
cooling and heating load of the building is satisfied and there is still waste heat remaining
will the remaining waste heat be used to produce water vapor through the waste heat boiler.
The performance data of the miniaturized natural gas hydrogen production equipment and
hydrogen fuel cell are derived from the world’s leading products, which are manufactured
by Japanese manufacturers.

2.2.2. Absorption Chiller/Heater

The absorption chiller/heater (AC/H) of the LBARHM absorbs the heat of the exhaust
smoke from the GE to produce cold or hot water. The output of the AC/H is as follows [65]:

PAC/H = COPAC/H × QGE (5)

where PAC/H (kW) is the output of the AC/H, COPAC/H is the coefficient of performance
(COP) of the AC/H, QGE (kW) is the waste heat recovery of the GE that can be used for the
absorption chiller/heater.

2.2.3. Waste Heat Recovery Boiler

The high-temperature flue smoke is transported to the inlet of the waste heat boiler
through the flue. It flows through the superheater, evaporator, and economizer before
finally draining into the atmosphere. Based on the equipment performance survey, the
exhaust smoke temperature will not be less than 150 ◦C, as tail heating surface corrosion
will be produced otherwise. The reason is that high temperature may increase heat loss.
The formula for calculating heat recovery of flue smoke by using the waste heat boiler is as
follows [66]:

∆Q = C × Mb × (t1 − t0)× α (6)

where ∆Q signifies that the waste heat boiler can recover the residual heat of the flue gas
(kJ/h), C is the mass specific heat capacity of flue gas (kJ/(kg·◦C)); 1.15 kJ/(kg·◦C was
taken in this study, Mb is the mass flow rate of flue smoke gas in the waste heat boiler
(kg/h), t1 is the average temperature of flue smoke gas in the inlet of the waste heat boiler
(◦C), t0 is the average flue smoke gas temperature at the outlet of the waste heat boiler
(◦C); 150 ◦C was taken in this study, α is the coefficient of flue gas heat loss; generally, 0.9
was taken.
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2.2.4. Photovoltaic Panels

The formula for calculating solar electricity generation is as follows [67]:

EP = HA × S × K1 × K2 (7)

where EP is solar electricity generation (kW), HA is solar radiation per unit area (kW/m2),
S is solar panel area (m2), K1 is component conversion efficiency (generally 16–18%; 17%
was taken in this study), K2 is overall system efficiency (generally 75–85%; 80% was taken
in this study).

The HA (kW/m2) data were derived from the climate data obtained by the survey [60].

2.2.5. Wind Driven Generator

To use wind power effectively, a small type of wind turbine suitable for civic buildings
was chosen. With a cut-in wind speed of 1.5 m/s, the wind turbine can consistently generate
electricity even in cities with lower wind speed. Figure 4 displays the turbine’s image and
performance curve. It begins producing electricity when the wind speed exceeds 1.5 m/s.
The maximum output power of 640 W is reached at a wind speed of 13 m/s.
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The relationship between output power and wind speed for a single wind turbine can
be expressed by Formula (8):

EW =
0 V < 1.5

−0.0025 × V6 + 0.1118 × V5 − 1.8683 × V4 + 13.358 × V3 − 30.538 × V2 + 23.64 × V − 0.5789 1.5 ≤ V ≤ 17
0 V > 17

(8)

where EW (W) is the output power of the wind turbine, V (m/s) is wind speed. The cut-in
wind speed of the wind turbine is 1.5 m/s. When the wind speed is less than the cut-in
wind speed, the output power is 0 W. The cut-out wind speed of the wind turbine is 17 m/s.
When the wind speed is more than the cut-out wind speed, the wind turbine stops running
and the output power becomes 0 W.

2.2.6. Miniaturized Natural Gas Hydrogen Production Equipment

Figure 5 depicts the appearance and internal structure of the MNGHPE. The MNGHPE
is skid-mounted, consisting of a mixer, natural gas reformer, desulfurizer, CO transformer,
pressure swing adsorption (PSA) hydrogen purification equipment, off gas tank, and so
on. The MNGHPE must be compact and integrated for convenient placement around
the building.
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Figure 5. Miniaturized natural gas hydrogen production equipment [6,63]. (a) Appearance; (b) inter-
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Table 2 shows the relevant performance parameters of the MNGHPE. The MNGHPE
uses natural gas as fuel to produce hydrogen, and the purity of the produced hydrogen
is more than 99.999 vol%. Within this system, 40 Nm3 of natural gas can produce about
100 Nm3 of hydrogen and consume 4.5 kWh/h of electricity in the MNGHPE. The operating
mode of the device is one-button start–stop. The operating load rate is 40–100%, and the
set area is about 5 m2.

Table 2. The parameters of miniaturized natural gas hydrogen production equipment [6,63]. (Note:
the input pressure of natural gas is 0.5 Mpa, which is the pressure of the urban medium-pressure
natural gas pipeline. The operating load rate of the equipment is 40–100%, the devices do not run if
the load is less than 40%).

Set of Data Specification

Fuel Natural gas

Natural gas inlet pressure 0.5 Mpa

Hydrogen purity More than 99.999 vol%

Hydrogen production capacity 40 Nm3 Natural gas/100 Nm3 H2

H2 production pressure 0.75 Mpa

Electricity consumption 4.5 kWh/h

Hydrogenation reaction
temperature 753.4 ◦C

Equipment configuration Modularization (boiler, reformer, desulfurizer,
PSA suction tower, etc.)

Operation Button start, automatic load tracking, load rate
range (40–100%)

Set area 5.0 m2 (2 m × 2.5 m × 2.5 mH)

Table 3 displays the proportion of each constituent gas in natural gas. The primary
component of natural gas is methane (CH4), accounting for 85% by volume, followed by
ethane (C2H6) at 9%, propane (C3H8) at 3%, and butane (C4H10) at 1%. Additionally, it
contains 2% nitrogen (N2) and trace amounts of hydrogen sulfide (H2S).

The calculation formula of carbon atoms in natural gas is given in Equation (9):

∑ VC = ωCH4 + ωC2H6 × 2 + ωC3H8 × 3 + ωC4H10 × 4 (9)



Sustainability 2024, 16, 1811 12 of 46

where ∑ VC is the total carbon atom content of natural gas, ωCH4 is percentage of me- thane
(CH4) by volume in natural gas, ωC2H6 is percentage of ethane (C2H6), ωC3H8 is percentage
of propane (C3H8), ωC4H10 is percentage of butane (C4H10) by volume. The total carbon
atoms in natural gas were calculated as 1.16 according to Equation (9). The content of
carbon atoms in natural gas is directly related to the amount of water vapor required for the
hydrogenation reaction. The waste heat determines the amount of water vapor produced.

Table 3. The composition of natural gas. (Note: the percentage is the volume ratio of each component
gas in natural gas).

Gas Composition of Natural Gas Percentage by Volume

ωCH4 Methane (CH4) 85%

ωC2H6 Ethane(C2H6) 9%

ωC3H8 Propane (C3H8) 3%

- Nitrogen (N2) 2%

ωC4H10 Butane (C4H10) 1%

The hydrogen production efficiency of the MNGHPE is shown in Figure 6, and the
hydrogen production efficiency of the equipment is about 70%. The formula to calculate
hydrogen production efficiency is shown in Equation (10) [6,63], where η is hydrogen
production efficiency, VH (Nm3/h) is hydrogen production, QH (kJ/Nm3)is the combustion
calorific value of hydrogen per unit volume, VN (Nm3/h) is natural gas consumption, QN
(kJ/Nm3) is the combustion calorific value of natural gas per unit volume, and E (kWh/h)
is the electric energy consumption for hydrogen production. Electricity E requires a unit
conversion in the calculation:

η =
VH × QH

VN × QN + E
(10)
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2.2.7. Water–Carbon Ratio in Hydrogenation of Natural Gas

When calculating the amount of water vapor required for hydrogen production in
the hydrogenation reaction, it is necessary to determine the total carbon atom content in
natural gas to calculate the water–carbon ratio. Controlling the water–carbon ratio of water
vapor and natural gas is crucial for natural gas hydrogenation under normal production
conditions. The water–carbon ratio for hydrogen production typically ranges from 3 to 5,
with the normal ratio set at 3.5 [4]. Deviating from this ratio may result in either wasting
water vapor if too large or causing carbon deposition on the catalyst and deactivating it if
too small. Based on previous research [4], the water–carbon ratio in this study was set as 3.5.
Equation (11) presents the formula for calculating the water–carbon ratio, and the carbon
flow rate is determined by the superposition of each carbon-containing gas in natural gas:

ε =
VW

Vgas × ∑ VC
(11)

where ε is the ratio of water–carbon; the value in this study is 3.5, Vgas is the volume flow
of natural gas (Nm3/h), Vw is the volume flow of water vapor (Nm3/h), ∑ VC is the total
volume flow of carbon in the natural gas (Nm3/h); 1.16 is the total carbon atoms of natural
gas by calculation.

Based on the above Formula (11), the total carbon atoms of natural gas are 1.16. If
40 Nm3/h natural gas is used to produce hydrogen, then the carbon flow rate of the
natural gas is the product of the volume flow rate and the total carbon atoms, resulting in
46.4 Nm3/h. Since the water–carbon ratio is generally selected as 3.5, the water vapor flow
required for the hydrogenation reaction of 40 Nm3/h natural gas is 162.4 Nm3/h.

2.2.8. Hydrogen Fuel Cell

A hydrogen fuel cell is an electricity generation device that can converts the chemical
energy of hydrogen and oxygen directly into electrical energy. It can generate electricity
while also producing waste heat at the same time. This waste heat can be recycled in the
hydrogen fuel cell. Therefore, the hydrogen fuel cell can supply heat and electricity for the
building. If combined with the LBARHM, the hydrogen fuel cell can generate cold or hot
water for air conditioning through the LBARHM.

Japan and the United States currently lead the world in hydrogen fuel cell manu-
facturing. Figure 7 shows a hydrogen fuel cell made in Japan, and Table 4 displays the
parameters of the hydrogen fuel cell. This type of hydrogen fuel cell utilizes pure hydrogen
(more than 99.97 vol%) as fuel. The total electricity generation capacity is 5000 W, the rated
electricity generation efficiency is 47.3%, the heat recovery efficiency is 32.9%, and the
reaction temperature is about 753.4 ◦C. In this study, the hydrogen produced by waste heat
and surplus electricity can be directly used as fuel in this type of hydrogen fuel cell for
generating electricity and hot and cold water and then supplied to the building.

Table 4. Parameters of the hydrogen fuel cell [68].

Parameters of the Hydrogen Fuel Cell

Types of fuel cell Solid polymer fuel cell (PEFC)

Type of fuel Pure hydrogen (more than 99.97 vol%)

Generating electricity capacity 5000 W

Hydrogen consumption 2.976 Nm3/h

Heat dissipation under rated
Conditions 3480 W

Generating efficiency 47.3%

Heat recovery efficiency 32.9%

Reforming temperature 753.4 ◦C
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The equations for electricity generation and waste heat recovery of the hydrogen fuel
cell are as shown below [68]:

PHFC = VH × QH × ηEFC/3.6 (12)

QHFC = VH × QH × ηWFC/3.6 (13)

where PHFC (kW) is the generation electricity of the hydrogen fuel cell, VH (m3/h) is
hydrogen consumption of the hydrogen fuel cell, QH (MJ/m3) is the calorific value of
hydrogen, ηEFC is the electricity generation efficiency of the hydrogen fuel cell, QHFC (kW)
is the waste heat recovery of the hydrogen fuel cell, ηWFC is the heat recovery efficiency of
the hydrogen fuel cell.

2.2.9. Multi-Energy Complementary Distributed Energy System Integrating Waste Heat
and Surplus Electricity for Hydrogen Production

In this study, the waste smoke from the GE was utilized to produce high-temperature
water vapor for the hydrogenation reaction through a waste heat boiler. Surplus electricity
from solar and wind energy was employed to meet the electricity demand of the hydrogen
production equipment. Figure 8 illustrates a multi-energy complementary distributed
energy system integrating waste heat and surplus electricity for hydrogen production. The
system comprises CCHP with a gas engine, solar, and wind electricity generation.

The GE 1⃝ generates high-temperature waste heat and smoke at 368–469 ◦C during
power generation. When the building requires heating or cooling, the residual smoke
can be utilized for cold or hot water using a lithium bromide absorption refrigerating
and heating machine (LBARHM) 2⃝ for cooling and heating the building. When there is
no demand for heating or cooling load in the building during the intermediate season
or late at night, the system can produce high-temperature water vapor required for the
hydrogenation of natural gas by providing high-temperature waste heat and smoke to the
waste heat recovery boiler (WHRB) 3⃝. The natural gas from the desulfurization reaction
and the high-temperature water vapor (561) are mixed in the water vapor and natural gas
mixer (WVNGM) 4⃝, and then the mixed gas is sent to the high-temperature hydrogenation
reactor, the natural gas reformer (NGR) 5⃝. Before the reaction, the mixed gas can be heated
by the heat exchanger (HE) 6⃝, which is set in the gas (GB) 7⃝ to reduce the amount of fuel
used for heating the hydrogenation reaction at high temperature (753 ◦C) in the burner.
The hydrogenation reaction is shown in Formula (19). The fuel for the hydrogenation
reaction needs to be compressed and pressurized by the gas compressor (GC) 8⃝. Because
the sulfur may carbonize the catalyst of the hydrogenation reaction, the pressurized natural
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gas should enter the natural gas desulfurizer (NGD) 9⃝ for desulfurization reaction and
removal of the sulfur element from natural gas. The chemical formula of the desulfurization
reaction is shown in Equation (20). Since the desulfurization reaction is an endothermic
process (with a reaction temperature ranging between 290–350 ◦C), to conserve energy,
the compressed natural gas (CNG) can first exchange heat with the high-temperature gas
from the hydrogenation reactor (NGR) 5⃝ in the heat exchanger (HE) 10⃝. After the natural
gas is heated, it is then directed into the desulfurizer 9⃝. The mixed gas is subsequently
cooled by the heat exchanger (HE) 10⃝ before entering the medium converter (MC) 11⃝ for
an intermediate exothermic reaction, occurring at a temperature range of 200–300 ◦C; the
formula for this reaction is provided in Equation (21). The resulting gas mixture, primarily
composed of H2, CO2, and small amounts of other gases such as CO and H2O, requires
separation of hydrogenation. To achieve this, the mixture is cooled through the heat
exchanger (HE) 12⃝ using cooling water and then passed into the gas–liquid separator (GLS)
13⃝ for efficient gas–liquid separation. Then, the separated gases are passed into the pressure
swing adsorption (PSA) 14⃝ hydrogen purification equipment for hydrogen purification.
The hydrogen should be passed into the GC 16⃝, while other combustible gases, such as
CO and CH4 in the gas mixture, are stored in the off gas tank (OGT) 15⃝. Surplus electricity
from solar and wind power is utilized to supply the electricity load of the MNGHPE. This
MNGHPE can use 40 Nm3/h natural gas to produce approximately 100 Nm3/h hydrogen
while consuming 4.5 kWh/h electricity at the same time.
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Figure 8. The system of multi-energy complementary distributed energy integrating waste heat and
surplus electricity for hydrogen production. (Note: “GE” stands for gas engine, “LBARHM” stands
for lithium bromide absorption refrigeration and heating machine, “WHRB” stands for waste heat
recovery boiler, “HE” stands for heat exchange, “GC” stands for gas compressor, “NGR” stands for
natural gas reformer, “NGD” stands for natural gas desulfurizer, “MC” stands for medium converter,
“PSA” stands for pressure swing adsorption, “OGT” stands for off gas tank. The pressure of the
urban medium-pressure natural gas pipeline is 0.5 Mpa. The surplus electricity is used to provide the
power load for the MNGHPE for hydrogen production).

The following is the primary reaction that occurs in the hydrogen production pro-
cess [6,63]:

CmHn + mH2O→mCO + (n + 2m)/2H2 (14)

ZnO + H2S→ZnS + H2O (15)
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CO + H2O→CO2 + H2 (16)

The calculation process of hydrogen output and carbon flow in natural gas is shown in
Figure 9. Natural gas mainly includes four kinds of gases, including CH4, that can produce
hydrogen. In the first stage, the reaction of the four gases follows the following chemical
formula: CmHn + mH2O→mCO + (n + 2m)/2H2. In the second stage, the reaction follows
the following chemical formula: CO + H2O→CO2 + H2. In summary, the chemical reaction
of the two stages of each gas in natural gas is shown in the following chemical formula:
CmHn + 2mH2O→mCO2 + (4m + n)/2H2, where “m” can take the value of 1, 2, 3, or
4, and “n” can take the corresponding value of 4, 6, 8, or 10, representing four different
gases in natural gas. In natural gas, from methane (CH4) to butane (C4H10), the volume
ratio of the four gases is 85%, 9%, 3%, and 1%, respectively. Therefore, the carbon flow
rate in natural gas is calculated according to this formula: ∑VC = ωCH4 + 2 × ωC2H6
+ 3 × ωC3H8 + 4 × ωC4H10. That is, the number of carbon atoms in each gas is multiplied
by the corresponding volume ratio, then the result of the carbon flow rate in natural gas
is obtained. There is one carbon atom in CH4, two carbon atoms in C2H6, three carbon
atoms in C3H8, and four carbon atoms in C4H10, so the carbon flow rate in natural gas was
eventually calculated to be 1.16. If there is 1 unit volume of natural gas, then it will include
0.85 unit volume of methane (CH4). The reaction requires 2 × 0.85 unit volume of water
vapor, which corresponds to 0.85 unit volume of CO2 and 4 × 0.85 unit volume of H2. The
hydrogenation of other gases is also carried out as shown in the Figure 9. A unit volume of
natural gas reaction requires 2 × 0.85 + 4 × 0.09 + 6 × 0.03 + 8 × 0.01 = 2.32 unit volume
of water vapor and produces 4 × 0.85 + 7 × 0.09 + 10 × 0.03 + 13 × 0.01 = 4.46 unit
volume of hydrogen. Therefore, 40 m3/h, 0.9 MpaG of natural gas will be able to out-
put 40 × 4.46 = 178.4 m3/h, 0.9 MpaG of H2. When hydrogen is compressed, it becomes
101.6 m3/h, 1.0 MpaG of H2. The 40 m3/h, 0.9 MpaG of natural gas that can output about
100 m3/h, 1.0 MpaG hydrogen is mainly determined by the performance of the MNGHPE;
the actual output is larger than this value, but some hydrogen that cannot be extracted is
stored in the off gas tank.
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(Note: ωCH4 represents the percentage of methane (CH4) by volume in natural gas; here, the value of
ωCH4 is 85%. Other gases are similar. The 40 m3/h of natural gas that can output about 100 m3/h
hydrogen is mainly determined by the performance of the MNGHPE; the actual output is larger than
this value, but some hydrogen that cannot be extracted is stored in the off gas tank).

2.2.10. Calculation Method of Primary Energy Reduction Rate and Carbon Emission
Reduction Rate

The formula for calculating the primary energy consumption of the multi-energy
complementary distributed energy system is shown in Equation (17). The primary energy
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consumption of the system includes natural gas, commercial electricity, and the additional
heating and cooling load energy required by the LBARHM when the cooling or hot water
is insufficient for the building.

Q1 = A1 × 3.6/η1 + A2 × 3.6/η2 + (B1 − B2)× (h1 − h2)× C1 × 3.6/D1 × 3600× η2 (17)

Q1—Primary energy consumption of multi-energy complementary distributed energy
system (MJ/h);

A1—Electricity generation by gas engine (kWh/h);
η1—Electricity generation efficiency of gas engine;
A2—Commercial electricity supply (kWh/h);
η2—Commercial electricity generation efficiency;
B1—The amount of smoke required for cooling or heating load in the building (kg/h);
B2—Total smoke output of gas engine (kg/h);
h1—Enthalpy of flue gas at the inlet of lithium bromide absorption cooling and heating

machine (kJ/kg);
h2—Enthalpy of flue gas at the outlet of lithium bromide absorption cooling and

heating machine (kJ/kg);
C1—Cold or heat coefficient of lithium bromide absorption cooling and heating machine;
D1—Annual performance factor of air conditioning; 4.5 was taken in this study.
The calculation formula for primary energy consumption in the traditional energy

supply mode is depicted in Equation (18). In this mode, commercial electricity meets the
general electricity demand of the building, and it powers the air conditioning system to
fulfill the building’s cooling and heating load.

Q2 = E1 × 3.6/η2 + F1 × 3.6/η2 + G1 × 3.6/η2 (18)

Q2—Primary energy consumption by conventional energy supply (MJ/h);
E1—General electricity demand of building (kWh/h);
F1—Electricity demand for cooling (kWh/h);
G1—Electricity demand for heating (kWh/h);
η2—Commercial electricity generation efficiency, it was set to 36.8% in this study [54].
The calculation formula for the carbon emission of the MECDES is shown in Equation (19).

Carbon emission factors for commercial electricity are derived from the data pertaining to
Zhejiang Province, China.

Y1 = K1 × V1 + K2 × A2 + (B1 − B2)× (h1 − h2)× C1 × K2/D1 × 3600 (19)

Y1—Carbon emissions of multi-energy complementary distributed energy systems (t/h);
K1—Carbon emission factors of natural gas (t/Nm3);
V1—Usage amount of natural gas for electricity generation using gas engine (Nm3/h);
K2—Commercial electricity carbon emission factors (t/kWh);
A2—Commercial electricity supply (kWh/h);
B1—The amount of smoke required for cooling or heating load in the building (kg/h);
B2—Total smoke output of gas engine (kg/h);
h1—Enthalpy of flue gas at the inlet of lithium bromide absorption cooling and heating

machine (kJ/kg);
h2—Enthalpy of flue gas at the outlet of lithium bromide absorption cooling and

heating machine (kJ/kg);
C1—Cold or heat coefficient of lithium bromide absorption cooling and heating machine;
D1—Annual performance factor of air conditioning; 4.5 was taken in this study.
The calculation formula for the carbon emission of the traditional energy supply mode

is shown in Equation (20):
Y2 = K2 × (E1 + F1 + G1) (20)

Y2—Carbon emissions by conventional energy supply (t/h);
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K2—Commercial electricity carbon emission factors (t/kWh);
E1—General electricity demand (kWh/h);
F1—Electricity demand for cooling (kWh/h);
G1—Electricity demand for heating (kWh/h).
The calculation formula of primary energy reduction rate is shown in Equation (21):

λ =
Q2 − Q1

Q2
(21)

λ—Primary energy reduction rate;
Q1—Primary energy consumption of multi-energy complementary distributed energy

system (MJ/h);
Q2—Primary energy consumption by conventional energy supply (MJ/h).
The calculation formula of carbon emission reduction rate is shown in Equation (22):

γ =
Y2 − Y1

Y2
(22)

γ—Carbon emission reduction rate;
Y1—Carbon emission of multi-energy complementary distributed energy system (t/h);
Y2—Carbon emission of conventional energy supply (t/h).

2.2.11. Calculation Method of Hydrogen Production in Different Types of Buildings

The formula for calculating hydrogen production is shown in Equation (23):

MH =
100 × MW

130.5
(23)

where MH (Nm3/h) is the actual hydrogen production; MW (kg/h) is the water vapor
produced by the waste heat recovery boiler.

The water vapor production calculation formula for the hydrogen production reaction
is calculated using the following formula:

MW =
∆Q

h1 − h2
=

C × Mb × (t1 − t0)× α

h1 − h2
(24)

MW—Mass flow of water vapor produced by waste heat recovery boiler (kg/h);
∆Q—Waste heat boiler that can recover the waste heat of flue smoke gas (kJ/h);
h1—Enthalpy of water vapor for hydrogen reaction (kJ/kg);
h2—Industrial water enthalpy at room temperature (kJ/kg); room temperature is set

as 20 ◦C.
C—Mass specific heat capacity of flue gas (kJ/(kg·◦C)); 1.15 kJ/(kg·◦C) was taken in

this study;
Mb—Mass flow rate of flue smoke gas in waste heat boiler (kg/h);
t1—Average temperature of flue smoke gas in inlet of waste heat boiler (◦C);
t0—Average flue smoke gas temperature at the outlet of waste heat boiler (◦C); 150 ◦C

was taken in this study;
α—Coefficient of flue gas heat loss; generally, 0.9 was taken.
The flue smoke intake of waste heat boiler Mb (kg/h) is calculated using the follow-

ing formula:

Mb =
0 MT − MAC/H < 0

MT − MAC/H MT − MAC/H ≥ 0
(25)

where MT (kg/h) is the total smoke output of the GE, MAC/H (kg/h) is the amount of
waste smoke required for cooling or heating in the LBARHM. The flue smoke is prefer-
entially supplied to the LBARHM to produce hot or cold water, the remaining smoke
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re-enters into the waste heat recovery boiler to produce high-temperature water vapor for
hydrogen production.

MT = 21572 × φ + 1926 (26)

where MT (kg/h) is the total smoke output of the GE, φ is the load rate of the gas engine.

MAC/H =
QAC/H × 4.5 × 3600

COPAC/H × (hS1 − hS2)
(27)

where MAC/H (kg/h) is the amount of smoke required for cooling or heating through
the LBARHM, hS1 (kJ/kg) is the enthalpy of the flue smoke entering the LBARHM, hS2
(kJ/kg) is the enthalpy of the flue smoke leaving the LBARHM, COPAC/H is the coefficient
of performance (COP) of the LBARHM. In this study, the cooling coefficient COPAC is 1.05,
the heating coefficient COPH is 1.75. QAC/H (kWh/h) is the hourly cooling or heating load
of different types of buildings. The hourly cooling or heating load of different types of
buildings can be obtained by investigation. Its value is the product of the daily cooling or
heating load value and the hourly load proportion.

hS = 11.157 × t − 306.2 (28)

where hS (kJ/kg) is the enthalpy of the flue smoke, t (◦C) is the temperature of the
flue smoke.

The cooling and heating load of the building is provided by the LBARHM when
driven by smoke and electric multi-line air conditioning. The corresponding calculation is
depicted in Formula (29):

QE = QL − QAC/H (29)

where QL (kW) is the heating and cooling load of the building, QAC/H (kW) is the heat and
cold provided by smoke through the LBARHM, QE (kW) is the heat and cold provided by
electric multi-line air conditioning.

The profit rate of hydrogen production is calculated as follows:

ψ =
κ1 − κ2

κ1
(30)

where ψ is the profit rate of hydrogen production, κ1 ($) is the total cost of hydrogen
production, κ2 ($) is the total selling price of hydrogen production.

κ1 = κm1 + κn1 + κw1 + κe1 + κl1 (31)

where κ1 ($)is the total cost of hydrogen production, κm1 ($) is the cost of raw gas for
hydrogen production, κn1 ($) is the cost of heating gas for hydrogen production, κw1 ($)
is the water cost for hydrogen production, κe1 ($) is the cost of commercial electricity for
hydrogen production, κl1 ($) is the labor cost for hydrogen production.

In this study, the economic benefits of hydrogen production are reflected by the
profit rate ψ of hydrogen production. When the profit rate ψ of hydrogen production
is greater than 0, it means that hydrogen production has economic benefits; otherwise,
hydrogen production has no economic benefits. As shown in Formulas (30) and (31), the key
factors affecting the profit rate of hydrogen production include the capacity of hydrogen
production, the selling price of hydrogen, the cost of hydrogen production, and other
factors. The factors that affect the capacity of hydrogen production include the solar panel
area of the integrated system, the horizontal radiation, the number of small wind turbines,
the local wind speed, and the cooling and heating coefficients COPAC/H of the LBARHM
in the integrated system. The selling price of hydrogen is related to local policy and the
level of economic development. The cost of hydrogen production κ1 mainly consists of the
cost of raw gas κm1 for hydrogen production, the cost of heating gas κn1, the cost of water
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κw1, the cost of commercial electricity κe1, and the cost of labor κl1. The higher the cost of
the corresponding components, the lower the profit rate ψ of hydrogen production.

3. Case Study Information
3.1. Representative Urban Climate Data of Zhejiang Province, China

This study selected buildings in Zhejiang Province, China, as the research object.
Figure 10 depicts the geographical location of Zhejiang Province and its cities. Zhejiang
Province is situated in the southeast of China, bordering the East China Sea to the east
and Shanghai to the north. It spans 27◦02′–31◦11′ north latitude and 118◦01′–123◦10′

east longitude. Four representative cities in Zhejiang Province were selected. Hangzhou,
Ningbo, Zhoushan, and Lishui were chosen for this study. Due to variations in solar
radiation and wind speed in the four cities, which significantly impact renewable electricity
generation, four different cities with distinct levels of renewable electricity generation were
selected as research objects.
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The average horizontal radiation and wind speeds of four representative cities in Zhe-
jiang Province over the past three years (2020–2022) are illustrated in Figure 11. Zhoushan
City has the highest horizontal radiation, followed by Ningbo, Hangzhou, and Lishui.
Monthly comparisons between various cities reveal that horizontal radiation peaks in
August, when Zhoushan City reached a maximum of 739.5 W/m2, while January has the
lowest radiation in the four cities. In terms of wind speed, Zhoushan City, as an island in
Zhejiang Province, consistently has significantly higher wind speeds than the other three
cities, reaching a maximum of 7.5 m/s in December. Ningbo City has the second-highest
wind speed, while Lishui City experienced the lowest at 1.27 m/s in June. Consequently,
Zhoushan City has the most favorable renewable resources among the four cities.
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Figure 11. Urban meteorological data of Zhejiang Province’s cities from 2020 to 2022 year [69].

3.2. Investigation of Energy Consumption of Buildings
3.2.1. Energy Consumption of Buildings in Zhejiang Province

To simulate the energy-saving and carbon reduction effects of the integrated system in
different types of buildings, energy consumption data of buildings in Zhejiang Province
were obtained. Figure 12 depicts the average annual electricity consumption of 43 of-
fice buildings, 51 educational buildings, nine shopping buildings, eight hotel buildings,
six hospital buildings, four cultural buildings, and one sports building, totaling 122 public
buildings in Hangzhou over the past three years (2020–2022). The building data were
derived from actual surveys conducted in January 2023. The maximum annual average
electricity consumption is 93.0 kWh/(m2 × a), while the minimum is 3.5 kWh/(m2 × a).
Additionally, the maximum total floor area is 430,000 m2 and the minimum total floor area
is 10,775 m2.
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Next, three types of buildings—office buildings, hotel buildings, and hospital buildings—
with different electricity consumption characteristics were selected for detailed analysis.
The results are shown in the next section.

3.2.2. Monthly Energy Consumption of Different Type Buildings

The average monthly electricity consumption of office buildings, hotel buildings, and
hospital buildings over the past three years (2020–2022) was obtained through a survey.
The data included general electricity demand, electricity demand for cooling, and electricity
demand for heating. Therefore, in this study, the average monthly minimum power load is
identified as the general electricity demand. Electricity demand exceeding the minimum
load from April to October is identified as demand for cooling, while demand exceeding
the minimum from November to March is identified as demand for heating. Based on
this method and the survey results, the monthly average electricity consumption of office
buildings, hotel buildings, and hospital buildings is shown in Figures 13–15, respectively.
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Figure 15. Monthly electricity consumption of hospital buildings.

Figure 13 illustrates the average monthly electricity consumption of 43 office buildings.
The blue columns represent the general electricity load, the green columns denote the
electricity required for cooling, and the orange columns signify the electricity needed for
heating. The general electricity demand is 19.7 kWh/(m2 × a), with the maximum electricity
demand reaching 41.7 kWh/(m2 × a) in August for cooling and 35.0 kWh/(m2 × a) in
December for heating. The total monthly electricity demand is the sum of the general
electricity demand and the electricity demand for cooling or heating. The maximum
total electricity demand peaks at 61.4 kWh/(m2 × a) in August, while the minimum is
19.7 kWh/(m2 × a) in February. Accordingly, Figures 14 and 15 show the monthly electricity
consumption of hotel buildings and hospital buildings, respectively.

3.2.3. The Setting of Electrical Load and Calculation Method

The monthly electricity consumption data for various types of buildings were obtained
through an investigation. In this study, since the accurate electricity consumption data
for cooling and heating loads cannot be accurately known, the lowest monthly electricity
consumption in a year was considered as the general electricity consumption.

Any electricity consumption beyond the general level was identified as cooling or
heating load. The specific method for setting electrical load and energy supply composition
is illustrated in Figure 16. The hourly load was calculated by multiplying the hourly
percentage by daily electricity demand. The hourly percentages for each building type
are summarized in Table 5; these data are specific to the survey results and not universal.
General electricity demand is met by natural gas electricity, solar power electricity, wind
power electricity, and commercial electricity. Electricity demand for air conditioning
includes cooling of the lithium bromide absorption unit and cooling of the electric multi-
line air conditioning, and the same applies to electricity demand for heating.

Figure 17 presents the flowchart of the integrated system model. In the modeling
and calculation process, monthly and hourly loads for each building type were calculated
based on survey results and hourly load percentages summarized from the survey. With
a total ETGE capacity of 4000 kW, the total floor area for various buildings was set at
3,000,000 m2 for calculation and comparison to ensure the GE’s power output over a 50%
load rate. The general electricity demand EL consists of GE electricity generation PGE,
solar power generation EP, and wind power generation EW. The GE operates at a load
rate exceeding 50%, for stable and safe operation. Solar power generation depends on
solar radiation and panel area, while wind power generation is influenced by wind speed
and the number of turbines. To analyze the influence of solar panel area and the number
of wind turbines on hydrogen production, seven cases were set up for both solar panel
area and wind turbine numbers in buildings totaling 3,000,000 m2 floor area, based on
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construction experience. Because the building’s general electricity demand is determined,
the GE’s electricity generation can also be determined when calculating solar and wind
power generation. When the GE runs at 100% full load, it has a maximum power output of
4000 kW. If the combined power output of GE, solar, and wind power are insufficient for
the building’s electricity demand, commercial electricity EC will be used to supplement it.
When the total electricity generated exceeds the building’s electricity demand EL, surplus
electricity is used for the hydrogen production equipment. The surplus electricity can be
stored in the battery with a charge and discharge efficiency ηB of 0.95. The flue smoke
production MT of the GE is determined by two factors: power generation PGE and the
total capacity ETGE of the GE. The smoke produced by the GE is preferentially applied
to the cooling and heating load requirements of the building through the LBARHM. If
there is excess flue smoke, then the smoke Mb will be used in the waste heat boiler for
producing water vapor for the hydrogen production reaction. The flue smoke required by
the building’s cooling and heating load MAC/H is determined by the cooling and heating
load QAC/H , the cooling and heating coefficients COPAC/H of the LBARHM, the inflow
Hin, and outflow enthalpy Hout of the flue smoke. When the cold and hot water generated
by the flue smoke is insufficient to meet the building’s cooling and heating load demand, it
is supplemented by the electric multi-line. The amount of water vapor MW produced by
the waste heat boiler is determined by the amount of smoke Mb entering it, the temperature
of the flue smoke inlet and outlet, and the enthalpy value of the water vapor. The amount
of hydrogen produced MH is determined by the amount of water vapor MW produced.
There is a linear relationship between the amount of water vapor in the hydrogenation
reaction and the amount of hydrogen production. When the amount of hydrogen produced
MH is known, the amount of natural gas Vgas as fuel required for the corresponding
amount of hydrogen production can be calculated using the ratio of water to carbon ε for
hydrogen production. When the cooling and heating load QAC/H provided by the flue
smoke is insufficient, the cooling and heating load QE provided by the electric multi-line
air conditioning system equals the total cooling and heating load QL of the building minus
the cooling and heating load QAC/H provided by the flue smoke.

Table 5. Percentage of electricity consumption in each time period.

Office Buildings (%) Hotel Buildings (%) Hospital Buildings (%)

Time
General

Electricity
Demand

Demand for
Cooling

Demand for
Heating

General
Electricity
Demand

Demand for
Cooling

Demand for
Heating

General
Electricity
Demand

Demand for
Cooling

Demand for
Heating

0:00 1.85 0.00 0.00 2.72 2.34 3.05 2.09 1.60 0.20

1:00 1.62 0.00 0.00 2.58 1.80 3.43 2.01 1.60 0.30

2:00 1.62 0.00 0.00 2.35 1.71 3.81 1.95 1.50 0.30

3:00 1.62 0.00 0.00 2.35 1.53 3.43 1.93 1.50 0.30

4:00 1.62 0.00 0.00 2.32 1.44 3.05 1.92 1.50 0.30

5:00 1.62 0.00 0.00 2.44 1.35 3.05 2.08 3.40 5.10

6:00 1.62 0.00 0.00 3.12 1.80 3.24 3.04 2.60 4.70

7:00 1.56 1.28 0.30 3.64 1.98 4.19 4.31 2.80 4.70

8:00 5.50 9.43 16.99 3.97 2.71 5.71 5.48 6.40 10.30

9:00 6.14 9.15 12.29 4.59 3.52 4.95 6.06 6.30 8.30

10:00 6.67 9.00 8.09 5.00 3.61 5.14 6.18 6.60 7.50

11:00 6.90 9.22 10.29 5.30 3.61 4.95 6.17 6.80 6.90
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Table 5. Cont.

Office Buildings (%) Hotel Buildings (%) Hospital Buildings (%)

Time
General

Electricity
Demand

Demand for
Cooling

Demand for
Heating

General
Electricity
Demand

Demand for
Cooling

Demand for
Heating

General
Electricity
Demand

Demand for
Cooling

Demand for
Heating

12:00 6.90 9.00 10.49 5.37 7.13 4.95 5.98 6.90 6.40

13:00 6.90 9.22 10.29 5.39 7.22 5.14 6.01 6.10 5.20

14:00 6.90 9.30 8.39 5.33 8.68 4.95 6.11 6.10 5.00

15:00 6.90 10.23 8.19 5.38 6.49 6.10 6.01 6.30 4.80

16:00 6.90 9.00 9.09 5.48 6.58 7.24 5.80 6.30 4.90

17:00 6.90 9.22 5.59 5.62 6.67 6.86 5.30 6.20 5.00

18:00 6.84 5.37 0.00 5.46 6.94 6.10 4.98 5.80 5.00

19:00 3.37 0.29 0.00 5.25 7.03 5.33 4.70 3.20 3.50

20:00 3.13 0.29 0.00 4.81 6.85 1.52 4.09 3.10 3.50

21:00 2.65 0.00 0.00 4.31 4.51 1.14 3.03 3.00 3.60

22:00 2.26 0.00 0.00 4.23 2.34 0.00 2.50 2.80 4.00

23:00 2.02 0.00 0.00 3.00 2.16 2.67 2.25 1.60 0.20

Total 100 100 100 100 100 100 100 100 100
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in October. In this case, the solar panel area is 100,000 m2 with 10,000 wind turbines. The 
dashed black line illustrates hourly electrical loads for the three building types, while 
bar charts display various electricity supply forms. Solar electricity generation de-
pends on panel area and hourly radiation; wind electricity generation relies on turbine 
count and hourly wind speed. As shown in Figure 18a, office buildings experience a high 
electrical load from 8:00 to 18:00, aligning with solar electricity generation (6:00 to 18:00), 
while wind electricity is constant (24 hours). Therefore, except from 14:00 to 18:00, surplus 
renewable energy is generated continuously. Due to low office building load and high wind 

Figure 17. The calculation flow chart of the integrated system. (Note: “EL” stands for hourly general
electricity demand of buildings, “EP” stands for solar panel power generation, “EW” stands for wind
turbine power generation, “ETGE” stands for the total generating capacity of the gas engine, “PGE”
stands for the power generation of the gas engine, “MT” stands for the total smoke output of the gas
engine, “MAC/H ” stands for the amount of smoke required for cooling and heating in the LBARHM,
“MW” stands for the mass flow of water vapor produced by the waste heat boiler, “MH” stands for
the hydrogen production capacity, “ε” stands for the ratio of water–carbon).

3.3. Electricity Supply Composition in Different Types of Buildings

The electrical load of office buildings is supplied by commercial electricity, GE-
generated electricity, solar, and wind power. To ensure safe operation, the GE’s hourly
load rate is set at 50% or above. The simulation employed a 4000 kW GE widely used in
Chinese office parks, ensuring a minimum hourly supply of 2000 kW. To maintain this
supply, the office buildings’ total floor area was set as 3,000,000 m2. In terms of electricity
supply, the GE’s generated electricity is preferential, followed by solar and wind-generated
electricity. If the supply is insufficient, commercial electricity will be used as a supplement.
Any surplus electricity from solar and wind power is allocated to the MNGHPE’s electricity
supply, and any excess is stored in batteries to power the MNGHPE for the next hour. In
the 3,000,000 m2 office buildings, seven solar panel configurations were set up, including
50,000 m2, 75,000 m2, 100,000 m2, 125,000 m2, 150,000 m2, 175,000 m2, and 200,000 m2.
Additionally, seven cases of wind electricity generators were set up, including 1000, 2000,
4000, 6000, 8000, 10,000, and 12,000 turbines. This study compares the influence of different
urban climates on integrated systems pertaining to the same type of building by using
buildings’ energy consumption data from Hangzhou City for the four cities.

Figure 18 depicts a simulation of average daily electricity supply in Zhoushan City
in October. In this case, the solar panel area is 100,000 m2 with 10,000 wind turbines. The
dashed black line illustrates hourly electrical loads for the three building types, while bar
charts display various electricity supply forms. Solar electricity generation depends on
panel area and hourly radiation; wind electricity generation relies on turbine count and
hourly wind speed. As shown in Figure 18a, office buildings experience a high electrical
load from 8:00 to 18:00, aligning with solar electricity generation (6:00 to 18:00), while
wind electricity is constant (24 h). Therefore, except from 14:00 to 18:00, surplus renewable
energy is generated continuously. Due to low office building load and high wind speed in
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Zhoushan at night in October, there is a substantial surplus of wind-generated electricity
surplus. As illustrated in Figure 18b, the electrical load of the hotel buildings is primarily
concentrated from 8:00 to 23:00, and surplus electricity is generated between 0:00 and 15:00.
As shown in Figure 18c, the electrical load of hospital buildings is significantly higher than
that of office buildings and hotel buildings, and almost no surplus electricity is generated
except from 3:00 to 5:00.
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Figure 18. Average daily electricity supply in three types of buildings in October in Zhoushan
City. (a) Office buildings; (b) hotel buildings; (c) hospital buildings. (Note: in the simulation, when
renewable energy is available, solar power is preferentially used, followed by wind power, and the
remaining power is not enough to be supplemented by the grid).

4. Results
4.1. Waste Heat Utilization and Hydrogen Production
4.1.1. Waste Heat Utilization and Hydrogen Production in a Typical Day

When the office building has a demand for heating or cooling load, the smoke gener-
ated by the GE is sent into the LBARHM to produce hot or cold water. When the cooling
and heating load of the building is small and there is still residual smoke, the remaining
high-temperature smoke (368~469 ◦C) passes into the waste heat boiler to produce high-
temperature water vapor for hydrogen production. Figure 19 shows the residual smoke
and hydrogen production on a typical day in Zhoushan City in October. As shown in
Figure 19a, during the periods of 0:00~6:00 and 20:00~23:00, the office building has no
heating or cooling load. Consequently, all the smoke produced by the GE is utilized to
generate water vapor. The maximum hourly residual smoke of the GE is 12,712 kg/h, and
the peak value of hydrogen production reaches 1045.3 Nm3/h. From 8:00 to 16:00, the
cooling load of the office building exceeds the smoke generated by the GE, resulting in
no residual smoke for hydrogen production. The hydrogen produced during this time
is 0 Nm3/h. To supplement the insufficient energy to meet the cooling load, electrical
air conditioning equipment powered by commercial electricity is utilized. As shown in
Figure 19b, since the heating and cooling load of hotel buildings is much higher than office
buildings, during the peak period of demand from 8:00 to 23:00, all flue smoke is used to
produce cold or hot water for air conditioning. There is no excess flue smoke for water
vapor production during this period, resulting in the hotel building’s hydrogen production
being 0 Nm3/h. The electric multi-line air conditioning equipment supplies most of the
hotel’s heating and cooling load. As shown in Figure 19c, hotel buildings have a relatively
stable heating and cooling load over 24 h, particularly from 8:00 to 18:00. Compared with
office and hospital buildings, less smoke can be utilized for hydrogen production, resulting
in the least amount of hydrogen generated among these three building types.
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Figure 19. Hydrogen production of three types of buildings on a representative day in Zhoushan
City in October. (a) Office buildings; (b) hotel buildings; (c) hospital buildings.

4.1.2. Monthly Hydrogen Production in the City

Figure 20 illustrates the monthly hydrogen production comparison for the same type
of building (office) in different cities. The simulation results show that Lishui City has the
highest monthly hydrogen production, while Zhoushan City records the lowest. This dis-
crepancy is attributed to Zhoushan City’s substantial solar and wind electricity generation.
This leads to the largest renewable energy electricity generation for office buildings among
the four cities. Consequently, the electricity provided by the GE for supplying the office
building decreases, leading to a corresponding reduction in the GE’s electricity and smoke
generation. In monthly comparisons, the lowest hydrogen production occurs in August
due to the highest demand for cooling load. Conversely, March has the highest hydrogen
production because the demand for cooling or heating load is minimal, and renewable
energy electricity generation is also limited. The peak of hydrogen production is in Lishui
City in March, reaching 885,018.3 Nm3, while the lowest is in Zhoushan City in August,
amounting to 370,076.8 Nm3. Additionally, it is noteworthy that hydrogen production
decreases with the increase of the buildings’ heating and cooling loads.
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Figure 20. Comparison of monthly hydrogen production of office buildings in different cities, solar
panel area 100,000 m2, wind turbines 10,000.
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4.2. The Ratio of Solar and Wind Surplus Electricity Supply for Hydrogen Production
4.2.1. Surplus Electricity Supply Ratio for Hydrogen Production with Different Solar
Panel Areas

For office buildings with a total floor area of 3,000,000 m2, seven cases of different solar
panel areas were considered based on previous studies [70] and construction experience,
ranging from 50,000–200,000 m2. There were 10,000 wind turbines. Figure 21 illustrates
the ratio of surplus solar and wind electricity for hydrogen production. This ratio is the
ratio of the surplus electricity to the electricity required by the MNGHPE. The hydrogen
production volume is determined by the water vapor generated by the GE’s exhaust
smoke. Furthermore, it must be noted that the amount of high-temperature water vapor for
producing hydrogen is determined by the electricity generated by the GE. The simulation
results indicate that Zhoushan City has the highest ratio of hydrogen production electricity
supply, followed by Ningbo City, Hangzhou City, and Lishui City. In Zhoushan City, with
high wind speed and solar radiation intensity, the 3,000,000 m2 office buildings require
only 50,000 m2 solar panels and 10,000 wind turbines that can supply all electricity needs
for hydrogen production. Ningbo City requires a minimum of 175,000 m2 of solar panel,
while Hangzhou City and Lishui City need 200,000 m2 of solar panels for the electricity
supply for hydrogen production.
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Figure 21. The ratio under different solar panel areas in office buildings with 10,000 wind turbines.

4.2.2. Ratio of Surplus Electricity Supply for Hydrogen Production with Different Numbers
of Wind Turbines

If the solar panel area is 100,000 m2, the ratio of solar and wind electricity supply for
hydrogen production varies with the number of wind turbines, as shown in Figure 22.
The increase in the number of wind turbines increased the surplus electricity supply
ratio in Zhoushan City and Ningbo City, while Hangzhou City and Lishui City were less
affected. This indicates that Zhoushan City and Ningbo City have substantial potential
for wind electricity generation. In Zhoushan City, installing 100,000 m2 of solar panels
and 4000 wind turbines can supply all the electricity needed for hydrogen production. In
Ningbo City, setting up 12,000 wind turbines can supply 90% of the required electricity
for hydrogen production. However, in Lishui City, the ratio of electricity supply remains
nearly unchanged with an increasing number of wind turbines. Even with 12,000 wind
turbines, the surplus solar and wind electricity provides less than 70% of the required
electricity for hydrogen production.



Sustainability 2024, 16, 1811 30 of 46
Sustainability 2024, 16, x FOR PEER REVIEW 35 of 51 
 

 
Figure 22. The ratio under different numbers of wind turbines in office buildings with 100,000 m2 
solar panel area. (Note: the figure shows the proportion of surplus renewable energy electricity used 
for hydrogen production in a building with a total area of 3,000,000 m2 and fixed solar panels of 
100,000 m2.) 

4.3. Single-Parameter Sensitivity Analysis of Hydrogen Production 
Single-parameter sensitivity analysis is a commonly used method, known as local 

sensitivity analysis or single-factor analysis. The main steps involve keeping other param-
eters unchanged as the reference value, altering only one parameter at a time, and assessing 
sensitivity by comparing the degree of change in the polarization curve. 

In modeling hydrogen production using waste heat and surplus electricity, factors 
such as solar panel area, wind turbine count, horizontal radiation, wind speed, and refrig-
eration and heating coefficients of the LBARHM significantly influence the amount of hy-
drogen produced. The investigation parameters and empirical parameters used for mod-
eling exhibit a certain degree of variability. Therefore, six representative parameters were 
selected for sensitivity analysis; the initial values of each parameter are shown in Table 6. 
The six factors are solar panel area, number of wind turbines, annual average wind speed, 
annual average horizontal radiation, refrigeration coefficient of LBARHM

ACCOP , heat-
ing coefficient of LBARHM 

HCOP . 

Table 6. Parameters and initial values. 

Parameters Initial Value 
Solar panel area/(m2) 100,000 
Number of wind turbines 10,000 
Annual average wind speed/(m/s) 6.18 
Annual average horizontal radiation/(W/m2) 167.95 

Refrigeration coefficient of LBARHM ACCOP  1.05 

Heating coefficient of LBARHM HCOP  1.75 

The values of the influencing factors were increased or decreased by 10% for com-
parative analysis. Figure 23 illustrates the impact of single-parameter variation on hydro-
gen production. It is evident that the change of a single parameter, such as wind speed, 
cooling, or heating coefficient, will significantly affect the hydrogen production amount. 
The cooling and heating coefficients influence the final hydrogen production in the corre-

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 1,000  2,000  4,000  6,000  8,000  10,000  12,000

So
la

r a
nd

 w
in

d 
el

ec
tr

ic
ity

 su
pp

ly
 

ra
tio

 fo
r h

yd
ro

ge
n 

pr
od

uc
tio

n

Number of wind turbines

Hangzhou Ningbo Zhoushan Lishui

Figure 22. The ratio under different numbers of wind turbines in office buildings with 100,000 m2

solar panel area. (Note: the figure shows the proportion of surplus renewable energy electricity used
for hydrogen production in a building with a total area of 3,000,000 m2 and fixed solar panels of
100,000 m2).

4.3. Single-Parameter Sensitivity Analysis of Hydrogen Production

Single-parameter sensitivity analysis is a commonly used method, known as local sen-
sitivity analysis or single-factor analysis. The main steps involve keeping other parameters
unchanged as the reference value, altering only one parameter at a time, and assessing
sensitivity by comparing the degree of change in the polarization curve.

In modeling hydrogen production using waste heat and surplus electricity, factors such
as solar panel area, wind turbine count, horizontal radiation, wind speed, and refrigeration
and heating coefficients of the LBARHM significantly influence the amount of hydrogen
produced. The investigation parameters and empirical parameters used for modeling
exhibit a certain degree of variability. Therefore, six representative parameters were selected
for sensitivity analysis; the initial values of each parameter are shown in Table 6. The
six factors are solar panel area, number of wind turbines, annual average wind speed,
annual average horizontal radiation, refrigeration coefficient of LBARHM COPAC, heating
coefficient of LBARHM COPH .

Table 6. Parameters and initial values.

Parameters Initial Value

Solar panel area/(m2) 100,000

Number of wind turbines 10,000

Annual average wind speed/(m/s) 6.18

Annual average horizontal radiation/(W/m2) 167.95

Refrigeration coefficient of LBARHM COPAC 1.05

Heating coefficient of LBARHM COPH 1.75

The values of the influencing factors were increased or decreased by 10% for compara-
tive analysis. Figure 23 illustrates the impact of single-parameter variation on hydrogen
production. It is evident that the change of a single parameter, such as wind speed, cooling,
or heating coefficient, will significantly affect the hydrogen production amount. The cool-
ing and heating coefficients influence the final hydrogen production in the corresponding
months. Formula (8) further indicates that the average hourly wind speed throughout the
year directly affects wind power generation. Because the building power supply consists of
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GE power generation, solar power generation, and wind power generation, fluctuations in
wind power affect GE power and smoke production, subsequently impacting hydrogen
production. Low wind speeds make the wind power generation minimal. This brings an
increase in GE power generation. The increase in GE power generation raises smoke and
waste heat, thereby increasing hydrogen production. Formula (27) reveals that the refriger-
ation and heating coefficients of the LBARHM influence the GE’s flue smoke utilization,
which alters the amount of flue smoke that finally enters into the hydrogenation reaction.
Higher cooling and heating coefficients reduce the smoke gas available for the building’s
cooling and heating, and higher production of smoke gas leads to increased production
of hydrogen.
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Figure 23. Effects of single parameter variation on hydrogen production. (a) Solar panel area;
(b) number of wind turbines; (c) wind speed; (d) horizontal radiation; (e) refrigeration coefficient;
(f) heating coefficient. (Note: “+10%” means that the value has increased by 10% from the original
value, “−10%” means that the value has reduced by 10% from the original value).
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The higher the wind speed, the larger the number of wind turbines, the greater the
horizontal radiation, and the larger the solar panel area of the integrated system, the smaller
the hydrogen production capacity will be. The reason is that as more renewable energy
electricity is generated, more renewable energy electricity is supplied to the building, which
leads to a corresponding decrease in the electricity supplied to the building from the gas
engine. If the amount of electricity generated by the gas engine decreases, the amount of
waste smoke, the amount of water vapor, and the capacity for hydrogen production will
also be reduced.

4.4. Primary Energy Reduction Rate and Carbon Emission Reduction Rate of Integrated Systems

To calculate carbon emissions, it is necessary to investigate the carbon emission fac-
tors of the energy sources. Table 7 shows the carbon emission factors of commercial
electricity, natural gas, and some other energy sources in Zhejiang Province, China, over
the past three years (2020–2022). The carbon emission factor for commercial electricity
in Zhejiang Province has gradually reduced from 1.75317 ton/standard coal in 2020 to
1.60615 ton/standard coal in 2022. This reduction is due to the increasing proportion of
renewable energy and natural gas electricity generation supply in the province each year.
Additionally, the carbon emission factor for natural gas is 0.056 kgCO2/MJ, with a calorific
value of 35.6 MJ/Nm3 or 41.9 MJ/kg. The calorific value of hydrogen is 12.8 MJ/Nm3 or
140.4 MJ/kg. Notably, the combustion calorific value of hydrogen per unit mass is more
than three times that of natural gas.

Table 7. Carbon emission factors of Zhejiang Province in China.

Year

Natural Gas
Converted into
Standard Coal

(10,000 tons
Standard Coal/
100,000,000 m3

Natural Gas)

Electricity
Converted into
Standard Coal
(10,000 Tons

Standard Coal/
100,000,000 kWh

Electricity)

Carbon Emission
Factor of Electricity
(10,000 Tons CO2/
100,000,000 kWh

Electricity)

Carbon Emission
Factor of

Electricity
(ton CO2/

Standard Coal)

Carbon Emission
Factor of Coal (Ton
Carbon Emission/

Standard Coal)

Carbon Emission
Factor of Natural
Gas (kgCO2/MJ)

2020 12.338535 2.83258 4.966 1.75317 2.66 0.056

2021 12.338535 2.83258 4.821 1.70195 2.66 0.056

2022 12.338535 2.83258 4.550 1.60615 2.66 0.056

Figure 24 illustrates the monthly primary energy reduction rate and carbon emission
reduction rate of the MECDES compared with traditional energy supply in Ningbo City. The
figure displays the simulation results with 10,000 wind turbines. The terminal generation
efficiency of commercial electricity is calculated at 36.8% [25]. As shown in Figure 24a,
an increase in solar panel area leads to an increase in the primary energy reduction rate.
Larger cooling and heating loads in office buildings, like in August and February, result in
smaller primary energy reduction rates for the MECDES. When the office buildings’ cooling
and heating load becomes smaller, like in April and October, this leads to larger reduction
rates. This occurs because the larger cooling and heating loads of office buildings increase
the total primary energy consumption. Although the primary energy consumption of the
MECDES was reduced, the ratio of the total primary energy reduction was still smaller
compared with the overall cooling load of the building in August. Therefore, the primary
energy reduction rate is the smallest in August. In contrast, the primary energy reduction
rate is larger in April and October during the intermediate season. Additionally, the
primary energy reduction rates with various solar panel areas are all more than 20%, and
the annual primary energy reduction rates are between 30% and 45%. The maximum value
is 57.8% in May with the installation of a 200,000 m2 solar panel area, and the minimum
value is 21.8% in August with the installation of a 50,000 m2 solar panel area. Consequently,
the MECDES has a good energy-saving effect. In Figure 24b, the month-to-month trend of
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the carbon emission reduction rate is the same as the primary energy reduction rate. The
annual carbon emission reduction rate is between 25% and 40%.
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Figure 24. The primary energy reduction rate and carbon emission reduction rate of multi-energy
complementary energy systems in office buildings with 100,000 wind turbines. (a) Primary energy
reduction rate, comparison between the multi-energy complementary energy supply system and
traditional energy supply mode; (b) Carbon emission reduction rate. Comparison between multi-
energy complementary energy supply system and traditional energy supply mode. (Note: The
different colored lines in the figure represent the different areas of solar panels installed in the
buildings of 3,000,000 m2 total floor area).

Figure 25a,b show the comparison of the annual primary energy reduction rates and
annual carbon emission reduction rates of three types of buildings in four different cities.
For all types of buildings, Zhoushan City has the largest primary energy reduction rate
and carbon emission reduction rate, followed by Ningbo City, Hangzhou City, and Lishui
City. The most significant factor that influences these rates is the consumption of renewable
energy electricity in the buildings. Zhoushan City achieves the highest reduction rate due
to greater solar and wind electricity generation compared with the other cities. The annual
primary energy reduction rate in Zhoushan City can reach 85.10% in office buildings,
39.26% in hotel buildings, and 50.07% in hospital buildings. The annual primary carbon
emission reduction rate can reach 47.00% in office buildings, 37.98% in hotel buildings, and
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48.28% in hospital buildings. This result does not take into account the use of hydrogen
made of waste heat and surplus electricity.
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If we consider the use of produced hydrogen, the new approach involves utilizing
the generated hydrogen for electricity generation through hydrogen fuel cells. The high-
temperature waste heat from hydrogen fuel cells can be employed in the LBARHM to
produce hot or cold water for buildings. Insufficient electricity will be supplemented by
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commercial electricity, and air-conditioning equipment powered by commercial electricity
will address the cooling and heating load. The primary energy reduction rate and carbon
emission reduction rate of CCHP with hydrogen fuel cells is shown in Figure 26a,b. When
calculating the primary energy reduction rate, hydrogen for hydrogen fuel cells is derived
from natural gas, waste heat, and surplus electricity. In the traditional model, the waste
heat and surplus electricity of the MECDES were discarded if they could not be effectively
used. Therefore, only natural gas is considered here when calculating the primary energy of
hydrogen. In the simulation, the hydrogen fuel cell had an electricity generation efficiency
of 47.3% and a heat recovery efficiency of 32.9% [27]. Throughout the simulation, the
high-temperature waste heat generated by the hydrogen fuel cell was utilized to produce
hot or cold water in the LBARHM for the three different building types.
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As shown in Figure 26a, in the comparison of the annual primary energy reduction
rate in four cities, Lishui City has the largest reduction rate of primary energy, reaching
3.04% in office buildings, 1.00% in hotel buildings, and 1.26% in hospital buildings, due to



Sustainability 2024, 16, 1811 36 of 46

having the largest hydrogen production. The hydrogen production in Zhoushan City is the
smallest, and the primary energy reduction rate is the lowest, at 2.86% in office buildings,
0.80% in hotel buildings, and 1.08% in hospital buildings. This indicates that integrating
waste heat and surplus electricity for hydrogen production is an effective energy-saving
technology. As shown in Figure 26b, the rate of carbon emission reduction is better than
the primary energy reduction rate. Lishui City has the largest carbon emission reduction
rate, at 14.26% in office buildings, 3.68% in hotel buildings, and 4.63% in hospital buildings,
while Zhoushan City has the lowest carbon emission reduction rate, at 12.67% in office
buildings, 2.90% in hotel buildings, and 4.31% in hospital buildings, all of which are far
greater than the primary energy reduction rate.

Although the energy efficiency in the process of hydrogen production is reduced (the
efficiency of hydrogen production is reduced by about 30%) compared with the traditional
energy supply method (commercial power provides the energy for the building’s heating,
cooling, and electricity), the produced hydrogen used to supply energy to the building
through a hydrogen fuel cell still has a good energy-saving and carbon reduction effect.
In Lishui City, the annual primary energy reduction rate of office buildings is 3.04%, but
the annual carbon emission reduction rate is 14.26%, which is about 4.7 times the primary
energy reduction rate. The reason is that there are no carbon emissions from the hydrogen
fuel cells, but the energy efficiency in the process of hydrogen production decreases, so
the final reduction rate of primary energy is small. Although there are some carbon
emissions from the hydrogenation process, compared with traditional energy sources
(mainly commercial power generated by coal or natural gas), hydrogen has almost no
carbon emissions in the energy supply process. Therefore, the carbon emission reduction
rate of the hydrogen fuel cell increases more than primary energy reduction rate.

In the comparison of building types, the primary energy reduction rate and carbon
emission reduction rate of office buildings powered by hydrogen fuel cells are the largest,
followed by hospital buildings. The hotel buildings have the worst energy-saving and
carbon reduction effects. The primary energy reduction rate and carbon emission reduction
rate of the office buildings are significantly higher than those of the hospital buildings
and hotel buildings. The reason is that the cooling or heating load of office buildings is
highly concentrated in the daytime working time from 8:00 to 18:00, and there is almost
no cooling or heating load at night, so that most of the waste smoke generated by the gas
engine can be used to produce hydrogen at night. In the comparison of the cities, Lishui
City has the largest primary energy reduction rate and carbon emission reduction rate for
the same types of buildings, followed by Hangzhou City, Ningbo City, and Zhoushan City.
This result is closely related to the amount of hydrogen produced in each city. The greater
the amount of hydrogen produced, the greater the reduction rates of primary energy and
carbon emissions generated by hydrogen fuel cells. Lishui City has the largest hydrogen
production capacity, while Zhoushan City has the smallest hydrogen production capacity.
In Zhoushan City, a large amount of renewable electricity is supplied to buildings and the
amount of electricity generated by gas engines will be reduced, and so too is the amount of
waste smoke and the final produced hydrogen. Therefore, the primary energy reduction
rate and carbon emission reduction rate of hydrogen fuel cells are the largest in Lishui City
and the smallest in Zhoushan City.

The above results show that, even if the energy efficiency in the process of hydrogen
production is reduced, it still has the effect of energy saving and carbon reduction. This is
achieved by utilizing waste heat and surplus electricity to produce hydrogen, which is then
used to supply energy through hydrogen fuel cells. This demonstrates that the integrated
system has practical application value.

4.5. Economic Benefit Analysis

To analyze the economic benefits of the integrated system, the current prices of energy
and industrial water related to hydrogen production in Zhejiang Province were investigated.
The relevant survey results are shown in Table 8. The price of natural gas or fuel in Zhejiang
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Province is RMB 3.919/m3, equivalent to USD 0.548660/m3. The corresponding price of
hydrogen in Zhejiang Province is USD 4.71660/kg, and industrial water is USD 0.000742/kg.
To alleviate electricity consumption during peak hours and increase consumption during
trough periods, the price of commercial electricity in Zhejiang Province is divided into
three categories: USD 0.118804/kWh in the rush time period, USD 0.125776/kWh in the
peak time period, and USD 0.051688/kWh in the trough period. The labor cost of hydrogen
production is RMB 200,000 per person per year, equivalent to USD 27311.21/year.

Table 8. Prices of energy and industrial water related to hydrogen production in Zhejiang Province.

Natural Gas/Fuel
(USD/m3)

Hydrogen
(USD/kg)

Industrial Water
(USD/kg) Commercial Electricity (USD/kWh)

Price 0.548660 4.71660 0.000742

Rush time period

8:00~11:00

0.11880413:00~19:00

21:00~22:00

Peak time period 19:00~21:00 0.125776

Trough period
11:00~13:00

0.051688
22:00~8:00

Next, consider a solar panel area of 100,000 m2 and 10,000 wind turbines for office
buildings as a case study to analyze the economic benefits of the integrated system. Based
on the energy and labor cost prices for hydrogen production in Zhejiang Province (refer to
Table 8), the annual cost ratio for each part of the hydrogen production in the integrated
system was determined. Figure 27 illustrates the annual cost percentage of each component
in the office buildings of Zhoushan City. When the integrated system makes full use
of waste heat and surplus electricity, fuel accounts for the largest proportion of cost in
the process of hydrogen production, at 88.91%. The second is the fuel cost required for
high-temperature heating in the hydrogenation process. In this study, the heating cost
required for the chemical reaction is also considered, and the fuel accounts for 8.29%
of the total cost. The water vapor required for the hydrogenation reaction comes from
industrial water. This cost accounts for the smallest proportion of the cost, only 0.39%. After
surplus renewable energy electricity is used, the insufficient electricity is supplemented by
commercial electricity, which accounts for 0.63% of the total cost. Additionally, labor costs
account for 1.78%.
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The results of the monthly economic analysis of the integrated system in Zhoushan
City is shown in Figure 28. Compared with the traditional energy supply mode, the energy
cost of the MECDES is significantly lower. For office buildings with a total floor area of
3,000,000 m2, the maximum energy cost of the traditional energy supply model is USD
1,617,984 in August, or about USD 0.539/m2. The maximum energy cost of the MECDES in
August is USD 1,235,508, or about USD 0.412/m2, which is 23.64% less than the traditional
mode. For hydrogen production using waste heat and surplus electricity, the maximum
amount of hydrogen production occurs in March, with a production cost of USD 189,166.
The total selling price of the hydrogen produced is USD 325,937, and the profit rate is
72.30%. The profit rate of hydrogen production for the whole year remains around 70%.
This demonstrates that this integrated system with hydrogen production can be economical.
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Figure 28. Monthly operating costs of integrated systems and economic benefits of hydrogen
production in Zhoushan City office buildings, solar panel area 100,000 m2, wind turbine 10,000.

Figure 29 illustrates the results of the annual economic benefit analysis of the inte-
grated hydrogen production system in office buildings. Among the cities, Zhoushan City’s
MECDES demonstrates the most favorable operating economic benefits, with an annual
energy cost of USD 5,457,660. This represents a 38.48% reduction compared with the
traditional energy supply mode’s annual energy cost. Following Zhoushan, Ningbo shows
a reduction rate of 24.73%, with 20.97% in Hangzhou and 20.12% in Lishui. Zhoushan’s
climate is conducive to solar and wind electricity generation. This contributes to its superior
hydrogen production efficiency, boasting an annual profit rate of 72.01%. Lishui follows at
70.92%, Hangzhou at 70.90%, and Ningbo at 70.88%.

Figures 30 and 31 illustrate the results of the annual economic benefit analysis of
the integrated hydrogen production system in hotel buildings and hospital buildings. It
can be seen from the simulation results that Zhoushan City has the best economic benefit
of integrated system operation for these types of buildings, followed by Ningbo City,
Hangzhou City, and Lishui City. The main factors affecting the economic benefits of this
operation are the solar radiation and wind speed; the greater the solar radiation and wind
speed, the better the economic benefits of the operation will be. Comparing different
building types, office buildings have the best operating economic benefit, followed by
hospital buildings and hotel buildings. Compared with the profitability of hydrogen
production, the buildings with the highest profit rate of hydrogen production are the
hospital buildings, at about 91%, followed by office buildings, where the profit rate of
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hydrogen production is about 71%. The worst profit rate of hydrogen production in hospital
buildings is about 68%. This is mainly due to the stable hourly heating and cooling load
in hospital buildings, meaning that the integrated system has more residual smoke for
hydrogen production. At the same time, more surplus electricity from renewable energy
for hydrogen production will reduce the cost of hydrogen production and increase the
profit rate of hydrogen production.
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Figure 29. Annual operating costs of integrated systems and economic benefits of hydrogen produc-
tion in office buildings in different cities, solar panel area 100,000 m2, wind turbines 10,000.
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Figure 30. Annual operating costs of integrated systems and economic benefits of hydrogen produc-
tion in hotels buildings in different cities, solar panel area 100,000 m2, wind turbines 10,000.
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Figure 31. Annual operating costs of integrated systems and economic benefits of hydrogen produc-
tion in hospital buildings in different cities, solar panel area 100,000 m2, wind turbines 10,000.

5. Discussion
5.1. Feasibility of Application of the Integrated System

The waste heat and surplus electricity for the hydrogen production system are suitable
for large-scale energy supply projects, and the equipment can be placed in an integrated en-
ergy station. The main equipment of the system includes the LBARHM, WHRB, MNGHPE,
hydrogen tank, storage battery, and so on. If the application of hydrogen in building
energy supply is further considered, hydrogen fuel cells will also need to be added to
the integrated energy station. The GE can supply energy in the form of CCHP, and the
hydrogen fuel cell can supply energy in the same mode. The electricity generated by solar
panels and wind turbines located outside the integrated energy station is connected to the
MNGHPE and batteries through cables, and the surplus electricity is used for hydrogen
production. Hydrogen can also be fed into natural gas pipelines for cooking or stored in
hydrogen cylinders for hydrogen fuel cell vehicles.

Based on the research results, the MECDES has a better energy-saving and carbon
reduction effect when it is introduced into office buildings and hospital buildings than
hotel buildings. If the MECDES is applied in places with large solar radiation and high
wind speed, it will bring greater energy savings and carbon reduction effects. So, this
system is more suitable for introduction in cities where renewable energy is abundant,
such as Zhoushan City and Ningbo City near the sea. If the MECDES is combined with
the hydrogen production system, it is recommended that the produced hydrogen is used
in a hydrogen fuel cell alongside the integrated system. This will bring further energy
savings and carbon reduction effects to the building. It is suggested that the produced
hydrogen should be used on site to reduce the long-distance transportation of hydrogen
and avoid unnecessarily high transportation costs. This method can also reduce the capacity
of hydrogen storage tanks and reduce the initial investment in equipment. The produced
hydrogen can be used in the following two scenarios:

(1) One is to directly supply energy to office buildings through hydrogen fuel cells, be-
cause office buildings can obtain greater energy savings and carbon reduction benefits.

(2) Another is to build a hydrogen refueling station alongside the MECDES, and directly
transport the hydrogen to the hydrogen refueling station for short-distance storage,
reducing the high cost of long-distance hydrogen transportation.

5.2. Potential Challenges or Limitations of the Integrated System

The integrated system can store waste heat and surplus electricity in the form of
hydrogen energy. If the produced hydrogen is sold through a hydrogen refueling station
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nearby, or used to power the building through hydrogen fuel cells on site, it can bring good
economic benefits, carbon reduction, and energy-saving effects. However, the following
potential challenges and limitations still remain:

(1) The hydrogen produced by the integrated system needs to be stored on site. Hydrogen
is a flammable and explosive gas, and the integrated system is located around the
building, so there are certain challenges in the safe storage and safe operation of
hydrogen. The integrated system requires safe storage of hydrogen and protective
measures for safe use.

(2) The integrated system requires a lot of high-temperature water vapor for hydrogen
production. When the building’s cooling or heating load demand is large and the
gas engine does not have excess smoke for the production of high-temperature water
vapor, it needs to generate additional high-temperature water vapor through the gas
boiler for hydrogen production, to consume the surplus electricity from renewable
energy. Otherwise, the surplus electricity will have to be stored in batteries or returned
to the grid. Therefore, the selected waste heat recovery boiler needs to be a boiler
that can generate water vapor by burning natural gas or an additional gas-fired boiler
needs to be set up.

(3) The produced hydrogen needs to be used on site to bring economic benefits. If the
produced hydrogen is stored at high pressure and transported for long distance, the
profit rate of hydrogen production will decrease or there may even be no economic
benefits. Therefore, in order to ensure the economic benefits of hydrogen production,
it is necessary to use or sell produced hydrogen on site.

5.3. Limitations of the Study

This study focuses on the performance of a specific type of GE in conducting simulated
research on hydrogen production using waste heat and surplus electricity. To maintain the
GE load rate above 50%, a total floor area of only 3,000,000 m2 was taken for the simulation.
Subsequent studies should incorporate additional cases for comparative simulation analysis.
The simulation results show that the integrated hydrogen production system can store
waste heat and surplus electricity in the form of hydrogen, and it also has a good effect of
energy saving and carbon reduction. However, these simulations were based on specific
climate areas and equipment performance data. Therefore, the application of this result is
currently limited to the Zhejiang Province of China. In addition, the hydrogen production
benefit of the integrated hydrogen production system is about 70%, which is based on the
premise that the produced hydrogen is used through hydrogen fuel cells on site and does
not take into account the cost of long-distance delivery and compressed storage of hydrogen.
If the cost of long-distance transportation is added, the profit rate of hydrogen production of
the integrated system gradually reduces as the transportation distance increases. In future
studies, the effects of energy saving and carbon reduction and the benefits of hydrogen
production using the integrated system under different climatic regions and at moderate
transportation distances in China will be considered.

6. Conclusions

The purpose of this study is to explore the feasibility of waste heat and surplus elec-
tricity for hydrogen production and energy storage using a multi-energy complementary
distributed energy system, and to analyze the energy savings, carbon reduction effect, and
economic benefits of the integrated system in different types of public buildings. In this
study, a multi-energy complementary distributed energy system integrating waste heat and
surplus electricity for hydrogen production and energy storage is proposed, and a MECDES
is introduced for the use of waste heat and surplus electricity to provide water vapor and
electricity for hydrogen production, thereby increasing energy efficiency, reducing carbon
emissions, and enabling energy storage. The main conclusions of the article are as follows:

(1) This study proposes a multi-energy complementary distributed energy system that
integrates waste heat and surplus electricity to produce hydrogen. This system can
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store the waste heat of the GE and the surplus electricity of solar and wind energy as
hydrogen energy. Based on the proposed integrated system, a mathematical model
was established to simulate the hydrogen production capacity of the integrated system.
Through simulation analysis, the energy saving and carbon reduction effects of the
integrated system in different types of buildings were verified, and the economic
benefit of the integrated system was also verified.

(2) Among different types of buildings, offices will experience the most significant impact
effect on energy conservation and carbon reduction. The primary energy reduction
rate ranges from 49.2 to 85.10%, and the carbon emission reduction rate ranges from
34.88 to 47.00%. When comparing Lishui City, Zhoushan City, Ningbo City, and
Hangzhou City, four representative cities with similar building types in Zhejiang
Province, Zhoushan City demonstrates the most effective energy-saving and carbon
reduction measures. This indicates that cities with optimal solar and wind energy
resources can achieve the best results through integrated multi-energy complementary
distributed energy systems.

(3) Comparing building type, the best energy-saving and carbon reduction effects of
the integrated system are in office buildings, followed by hotels and hospitals. This
indicates that the larger the variation in the hourly power load throughout the day,
the greater the energy-saving and carbon reduction effect of the integrated system will
be. When comparing cities, Zhoushan City will experience the most significant effect
of energy saving and carbon reduction, followed by Ningbo City, Hangzhou City, and
Lishui City. This shows that cities with higher renewable energy generation obtain
better energy saving and carbon reduction effects by using integrated systems.

(4) The hydrogen produced by the integrated system can supply energy to the building
through the hydrogen fuel cell in CCHP mode, resulting in additional energy savings
and carbon reduction compared with traditional energy supply methods. Among the
three types of buildings, office buildings will undergo the most significant impact on
energy conservation and carbon reduction, with a primary energy reduction rate of
2.86–3.04% and a carbon emission reduction rate of 12.67–14.26%.

(5) The integrated system has good economic benefits for hydrogen production. The
earnings from hydrogen are greater than the cost of hydrogen production, and the
annual profit rate of hydrogen production is about 70% in office buildings, 68% in
hotel buildings, and 91% in hospital buildings. Because hospital buildings have a
stable hourly cooling and heating load, most of the time the hydrogen production is
powered by renewable energy, and the cost of hydrogen production is low. Hospital
buildings have the highest profit rate of hydrogen production.

(6) Through the parameter sensitivity analysis, it can be seen that the wind speed and
the refrigeration and heating coefficients of the LBARHM greatly affect the hydrogen
production of the integrated system. The lower the wind speed, the more hydrogen
will be produced. The greater the refrigeration coefficient and heating coefficient, the
more hydrogen will be produced.

The results show that the hydrogen production of the integrated system decreases
with the increase of the building’s heating or cooling load. In addition, relative to the
solar panel area, solar radiation, and other influencing factors, the wind speed, the number
of wind turbines, and the cold or heat coefficient of the absorption chiller/heater have
a greater impact on the hydrogen production of the integrated system. Under the same
climate conditions, office buildings have the best energy saving and carbon reduction
effect, followed by hospital buildings and hotel buildings. The results of this study prove
the practical feasibility for hydrogen production storage by using waste heat and surplus
electricity and reveal the mathematical mechanism of hydrogen production by using waste
heat and surplus electricity through a MECDES. The key factors that affect the amount of
hydrogen produced were analyzed. This study provides a new method for the storage of
waste heat and surplus electricity and provides scientific reference and guidance for the
practical application of MECDESs with integrated waste energy for hydrogen production.
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Nomenclature

CCHP combined cooling heating and power
MECDES multi-energy complementary distributed energy system
MNGHPE miniaturized natural gas hydrogen production equipment
GE gas engine
LBARHM lithium bromide absorption refrigerating and heating machine
WHRB waste heat recovery boiler
WVNGM water vapor and natural gas mixer
HE heat exchange
GB gas burner
NGR natural gas reformer
NGD natural gas desulfurizer
GC gas compressor
MC medium converter
GLS gas–liquid separator
PSA pressure swing adsorption
OGT off gas tank
PSA pressure swing adsorption
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