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POF, TA, and PMF show the highest relative contributions regarding the total environmental impact of
the systems.

In scenario 1, marine eutrophication and fossils depletion have also (6.71% and 5.46%) notable
relative contribution. All other categories have relative contribution below 1%.

Categories of CC and FD are also important to analyze. The assessed systems are dealing with
CO2 capture; thus, the category of CC is directly influenced. Also, the brown coal mining and treatment
are key processes which influence the category of FD.

4.2. Pareto Analyses and Comparison of the Processes among Scenarios

As previously stated, Pareto analysis helps to define the environmental categories of the highest
significance to the total of environmental impacts. Figures 3 and 4 show the key impact categories for
each scenario. Both scenario 1 and scenario 2 identify the most significant environmental categories
of POF, TA, and PMF. Both figures show just the visible values on the plot. The remaining impact
categories have a relative contribution below 1%.

 

Figure 3. Pareto analysis for scenario 1 (only visible values).

In the next step, it is important to define the hotspots in the processes (most impactful processes)
for both scenarios. Therefore, further analysis of the potential contribution of the processes for the
most critical impact categories was performed. In this analysis, the categories cannot be compared
between each other. The analysis is based on the characterization values, and therefore, it is focused on
one impact category at the time, influenced in different ratios (%) by different processes. The results for
the processes contribution are summarized in Table 9.
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Figure 4. Pareto analysis for scenario 2 (only visible values).

Table 9. Relative contribution of the processes to significant environmental categories.

Scenario 1 Scenario 2

Lignite
Mix

Oxygen
Production by

Cryogenic
Separation

Limestone
Mining

and
Treatment

Carbonate
Looping

Lignite
Mix

Hard
Coal Mix

for
Activated

Carbon

Process
Water for
Cooling

and
Purification

Adsorption

Thermal
Energy
from

Natural
Gas Mix

POF 0.10% 0.10% 0.008% 99.60% 0.18% 1% 0.20% 96% 1.80%
TA 0.10% 0.47% 0.01% 99.40% 0.14% 2% 0.36% 95% 2.10%

PMF 0.10% 0.36% 0.05% 99.40% 0.13% 2% 0.30% 95% 2%
ME 0.12% 0.66% 0.15% 98% 0.10% 1.30% 1.02% 95% 1.16%
FD 86.70% 9.40% 1.66% - 19.10% 40.70% 1.70% - 40%

NLT 4.50% 80.90% 10.30% - 0.60% 94% 5.00% - -
CC 66.14% 28.40% 4.44% 0.02% 7.65% 16.50% 3.38% 0.05% 72%

In the category of climate change, the flow of captured CO2 is referred to as environmental credit.
However, in both cases, the CO2 emissions and clean flue gases are still released to the air and therefore
contribute to the environmental impacts. Some of the processes do not have any relative impact to the
environmental categories.

4.3. Cost Effectiveness Comparison

According to the Equations (7)–(9), COE, CCo, and AvCo for both IGCC-CaL and PCC-A systems
are summarized in the following table (Table 10).

Table 10. Results of cost of electricity (COE), CO2 capture cost, and avoided CO2 cost.

Parameters IGCC-CaL PCC-A

COE (€/MWh) 123.1 90.24
CO2 capture cost (€/t CO2) 57.1 37.48

Avoided cost (€/t CO2) 105 34.06

The cost effectiveness is shown in Figure 3. The figure shows the correlation between the carbon
price on the market (black lines) from 2015 up to 2050 [23–26] and CO2 avoided costs of both CCT
systems connected to REU. The comparative economic criteria were defined/re-calculated with respect
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to the inputs and variables based on 2018. Two primary cases were analyzed. The first case (red and
green dotted lines) describes CCT utilization as a key economic unit in carbon capture utilization
(CCU) scheme with the possibility of using CO2 within the enhanced oil recovery, fuel production,
etc. The second case (red and green dashed lines) reflected the CCT as a fundamental unit together
with transportation and storage in the carbon capture and storage (CCS) scheme. The Czech Republic
considers CO2 transport by pipelines into salt aquifers in the Zatec Basic (North-West Bohemia,
the Czech Republic) [27,28].

The carbon price curve demonstrates the possible development of the market of carbon price in
2015–2050. The proposed estimation in Figure 5 was defined as a combination of the real average annual
data from the market (black line) and an estimate based on CAKE/KOBiZE forecast (dashed black
line). Moreover, the initial CAKE/KOBiZE forecast [25] is also displayed in Figure 5 (dotted black
line). This forecast was evaluated based on the Paris Agreement for the Central Europe power sector
(more precisely Poland).

Figure 5. The cost-effectiveness of selected CCT integration into power plants.

5. Discussion

The discussion part follows the sections of the results. At first, the environmental assessment with
processes analysis will be discussed. In the second part, the economical assessment will be analyzed.
In the last part, the combination of environmental and economic results will be concluded.

5.1. Environmental Assessment

The results of the characterization, normalization, and relative contribution of the environmental
impacts are shown in Table 8. The absolute values of the characterization process enable the comparison
of the same environmental impact category among scenarios. At first glance, scenario 1 has a lower
characterization values in comparison with scenario 2 in almost all environmental categories except
in the category of ionizing radiation. Ionizing radiation in scenario 1 is influenced by the process of
oxygen production via cryogenic separation. This process is the database process and does not reflect
the local impact. Moreover, the radiation impact has an insignificant contribution in comparison with
other impacts (sc.1 0.16%; sc.2 0.06%).

When we aggregate the environmental impact categories after normalization (see Table 8 sum of
normalized values), the scenario 2 has a higher global environmental impact (0.00231) than scenario
1 (0.0042). However, it is important to stress out that the case studies considered within this manuscript
are different in several parameters such as (i) different scale of REU, (ii) site specific case studies
(iii) different power generation technology. Therefore, the environmental performance for scenario 2
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might be improved regarding LCA results if the REU technology would have the same technological
basis in both cases.

However, it is important to analyze the contribution of the individual impact categories in the
total environmental impact. To analyze the highest significance of the impact categories of each
scenario, the pareto analysis was chosen as a decision-making tool (Figures 3 and 4). Both figures are
confirming the relative contribution results that impacts category of POF, TA and PMF have the highest
contribution to the sum of all normalized values. Nevertheless, in comparison to scenario 2, scenario 1
has in the category of ME a slightly higher contribution of 1%, and in the category of FD, it has a lower
contribution of 7.57%. Another difference is seen in the category of NLT, where scenario 2 exceeds
scenario 1 by 2.5%. As both scenarios have CO2 capture as primary function, the environmental impact
category of climate change (CC) (which measures the contribution of CO2 and other compounds to the
global warming) has a lower contribution to the total environmental impact. This was expected since
both technologies capture the CO2.

The impact categories are influenced by the environmental impact of the different processes in
the life cycle. Table 9 shows that the significant impact categories taken from the pareto analysis are
influenced by specific processes in both scenarios. According to Table 9, the categories of POF, TA, PMF,
and ME are influenced in 95% to 99.6% by the emissions of CO2 capture process (carbonate looping,
adsorption) in both scenarios (Tables 2 and 4). However, the characterization values, for instance
in category POF, are very small (scenario 1—0.039 kg NMVOC eq./1 kWh; scenario 2—0.062 kg
NMVOC eq./1 kWh).

In the category of FD, the production chain of the lignite from Slovak lignite mix (which has a
similar thermal efficiency as Czech lignite of 11 MJ/kg [12]) results as the most significant process
in both scenarios. In scenario 1, the lignite mix for the power unit contributes almost 86.40% to FD
(Table 9). In scenario 2, the hard coal mix for active carbon production increases the FD contribution by
40.70%, whereas lignite mix for power unit contributes 19.10%. Moreover, in scenario 2, the category
of FD is influenced 40% by the utilization of thermal energy from natural gas mix for activated
carbon production.

An interesting result is shown for the category of NLT. In scenario 1, major land transformation
would be impacted by the construction of an air separation unit for oxygen production. In scenario 2,
the hard coal production chain with all the mining process necessary for active carbon production
turns out to be the process with the highest impact to the natural land transformation. Moreover,
in comparison with scenario 1, hard coal would need to be mined and transported to the power unit,
which creates an additional environmental burden. In scenario 1, the air separation unit would need to
be built right in the local area of the power unit.

The category of CC is mainly influenced by the ratio of captured CO2. It is obvious that
adsorption process would require higher amount of active carbon to be able to capture 95% of CO2

such as an IGCC-CaL system. That would lead to the increase of the total environmental impact.
Also, the thermal energy from the natural gas combustion as a primary energy for activated carbon
production, is influencing category of CC in 72%.

The primary goal for the CCT solution under Czech energy conditions was to design and compare
post combustion and pre combustion systems for the same REU. However, during the research,
problems occurred with the technological requirements (such as quality of the lignite for each REU) of
each system. Thus, the input parameters had to be optimized, which led to different scale of REU,
different lignite quality and different technological segments. Therefore, the specific case studies
considered in this manuscript do not have the same basis for fair comparison. Still, in LCA analysis
relating all the environmental impacts to 1 kWhe, the aforementioned differences are still present in
particular environmental impacts.

This paper considers the specific case of activated carbon production from hard coal. However,
activated carbon can be produced in several options from biomass or other organic waste that
would decrease total environmental performance of the process. Also, different adsorption process
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configurations may lead to different results. This specific case of the PCC-A points out the problem
with Na salts production after flue gas purification, which are currently considered as waste material
with no other use.

The main advantage of PCC-A against IGCC-CaL is the thermal efficiency of the whole system.
For the process of the CO2 capture and compression, PCC-A requires a consumption of 28 MWe
from the power unit, whereas IGCC-CaL requires for the same process 119.31 MWe (Table 5). Thus,
PCC-A decreases the thermal efficiency of the power unit by 4.67%, and IGCC-CaL decreases the
thermal efficiency of the power unit by 12.5%. The thermal efficiency decrease would require a higher
energy production that might also influence the environmental performance of IGCC-CaL system
as well. Moreover, the thermal efficiency decline may be significant for the further operational costs
increase. On the other hand, the specific energy consumption (MWe/t CO2) in Table 5 states that
PCC-A (1.3 MWe/t CO2) would require a slightly higher energy demand than the IGCC-CaL process
(0.9 MWe/t CO2).

The following table (Table 11) shows the comparison of this study with other studies of [8–10].
The environmental results of this study for pre-combustion IGCC-CaL system shows a lower
kg CO2 eqv./MWh than in a similar study of Petrescu et al. [8]. The lower impact of climate
change of this study (global warming potential) corresponds to the smaller size of the reference energy
power plant and higher capture ratio. For eutrophication potential this study is resulting in much
lower values that are comparable with the study of Clarens et al. [10]. However, the impacts of the
acidification potential in this study are the highest among of all studies. This might be influenced
by the production of the used sorbent in the form of CaCO3 + CaSO4 as non-utilized waste product
of high-temperature desulphurization. Moreover, the study shows the highest drop in net energy
efficiency due to CCT implementation. The reason might be that the IGCC-CaL design of this study
does not consider utilizing the heat losses due to lack of commercially viable heat exchangers for such
amount of heat. In the case of post-combustion capture, PCC-A has the lowest CO2 capture rate among
all the studies. It corresponds to higher values in climate change in comparison with similar study of
Clarens et al. [10]. Also, in this study of PCC-A, specific emissions are the highest, which refers to the
low CO2 capture rate.

5.2. Economical Assessment

The key economic parameter for CCT integration is capture cost. The comparison of capture costs
(Table 10) among assessed CCT systems states that the less expensive technology is PCC-A system.
The difference is shown in the values of CAPEX, which for IGCC-CaL is higher by €167 million and in
OPEX by €17 million annually. The main reason for this difference is that PCC-A does not require high
technological adjustments when compared to the IGCC-CaL systems. The IGCC-CaL system requires
an initial batch of lignite with higher quality for gasification process, therefore the technological
components (such as boiler) would increase the initial CAPEX. Moreover, IGCC-CaL requires the
construction of an additional segment with auxiliary systems of air separation unit that also increases
the initial investment.

Another parameter—cost of electricity (COE)—is influenced by OPEX. The higher OPEX of the
IGCC-CaL system increases the energy cost by €33/MWh in comparison with the PCC-A (Table 7).
However, both case CCT studies are showing a higher COE per MWh in comparison with the actual
market price of electricity (Table 6). That leads to the conclusion that both systems tailored for the
current Czech conditions are currently not economically viable.
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The economical assessment of this study is based on the comparison of the cost effectiveness
of both CO2 capture systems with the reference energy units. The results are shown in Figure 3.
The graph describes the rising trend of the price of CO2 allowance throughout the years 2015–2050.
The analyzed CCTs have the potential to achieve cost-effectivity in comparison to the power plant
without CCT in the observed time frame. The PCC-A would be cost-competitive in the case the carbon
price would be lower than €22.5/tCO2 (for CCU case), or €26.3/tCO2 (for CCS case). The IGCC-CaL
would be cost-effective in the condition that the carbon price increases up to €58.7/tCO2 (for CCU case)
and €60.9/tCO2 (for CCS case). PCC-A could achieve cost-effectiveness with carbon price at €24.1/tCO2

or €20/tCO2 under the condition of total CAPEX reduction by 5% and 15%, respectively.
It is important to note that the capital investments are decreasing over time for CCT, and therefore,

total CCT costs will gradually decrease (dashed green and red lines in Figure 5). These economic
dynamics might be the subject of further comprehensive economic study on CCT.

It is assumed that the price of the CO2 allowance will continue to rise (dashed black line in
Figure 3) in the current state of climate crisis and economy crisis. Therefore, the economic decision to
invest into the CCT may be major but only in the first years (3–4 years of the CCT construction) but it
will lead to cost savings after the payback period (six years according to Reference [4]), as opposed to
dealing with the inflating price of CO2 allowance.

5.3. Environmental and Economic Combination Score

The decision-making process of the CCT integration into power units must be based on a complex
assessment, where the environmental and economic scores combine. This combination can be done by
simple multiplying the environmental score (sum of all normalized values) and values of OPEX or
CAPEX. PCC-A in comparison with IGCC-CaL, has a worse environmental score (0.004) and lower
OPEX (€123.06 million) and CAPEX values (€1.097 billion). The IGCC-CaL system has lower values for
environmental score (0.0023) but higher values for OPEX (€140.3 million) and CAPEX (€1.2641 billion).

This decision conflict between environmental and economic performance can be resolved by the
total product (multiplying the environmental score and CAPEX (or OPEX) value (Figure 4). If the
total value is low, it leads to the conclusion that the combination of environmental and economic
performance is more favorable for the chosen technology.

The product of environmental score by CAPEX and OPEX can be seen in Figure 6. The graph
shows that the IGCC-CaL unit has a smaller total score for both CAPEX and OPEX combination with
the environmental score. It concludes that even if the CAPEX and OPEX of IGCC are higher than in
the PCC-A process, the environmental performance seems to lower the total combination score.

 

Figure 6. Product of environmental score by CAPEX and OPEX for pre-combustion CO2 capture
integrated into the gasification combined cycle (IGCC-CaL) and post-combustion capture by adsorption
of CO2 by activated carbon (PCC-A).
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6. Conclusions

The study presents one of the possible options to select the suitable form of carbon capture
technology (CCT) that would meet the sustainability indicators (technical, environmental, and economic)
in the Czech energy industry. The presented paper combines environmental and economic variables
to conclude the viable choice of carbon capture integration into the brown coal power units.
The comparison of both systems concludes into the following points:

• The specific case of IGCC with CaO looping integration has an overall better environmental
performance with higher CO2 ratio capture of 95%; IGCC-CaL decreases the power unit thermal
efficiency by 12.5%; IGCC-CaL has a higher capture cost and would become competitive if the
carbon price increases up to €58.7/tCO2 (for CCU case) and €60.9/tCO2 (for CCS case).

• The specific PCC-A case has an overall worse environmental performance with 75% of CO2

capture; PCC-A decreases the power unit thermal efficiency by 4.67%; Adsorption has lower
capture costs and would become competitive if the carbon price is lower than €22.5/tCO2 (for CCU
case) or €26.3/tCO2 (for CCS case).

• The cost of electricity of both assessed carbon capture systems is exceeding the current market price.
• The product of the environmental score by CAPEX, and the product of the environmental score

by OPEX is lower for IGCC system with CaO looping.

Although it seems that IGCC-CaL integration would be the most suitable option for the carbon
capture, thermal efficiency decrease can cause the additional increase in CAPEX and OPEX, which can
also result in some environmental burden. On the other hand, the adsorption process can be optimized
to enhance the environmental performance with relatively low investments.

It must be stressed that the decision-making process of CCT integration is affected by many other
factors such as political decisions, social acceptance, or the economic statements of the energy industry
and companies of the Czech Republic. This study presents how an environmental tool such as LCA
and economical computation of cost effectiveness may help to contribute to the extensive feasibility
study and complex decision-making process.

Further research of CCT technologies integrated into the Czech energy conditions could enhance
this research and consider robust techno-economic and environmental analysis of all three considered
technologies: post-combustion ammonia scrubbing, post-combustion capture by activated carbon
adsorption, and pre-combustion IGCC-CaL.
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Abbreviations

ALO Agricultural land occupation
AvCo Avoided cost
CAPEX Capital expenditures
CC Climate change
CCo Capture cost
CCS Carbon capture and storage
CCT Carbon capture technology
COE Cost of electricity
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EP Eutrophication potential
FD Fossils depletion
FE Freshwater eutrophication
FET Fresh water ecotoxicity
FU Functional unit
GWP Global warming potential
HT Human toxicity
IGCC-CaL Integrated gasification combined cycle with calcium looping
IGCC-FeL Iron-based oxygen carriers
IR Ionizing radiation
LCA Life cycle assessment
MD Metal depletion
ME Marine eutrophication
MET Marine ecotoxicity
NLT Natural land transformation
OD Ozone depletion
OPEX Operational expenditures
PCC-A Post combustion capture by adsorption
PMF Particulate matter formation
POF Photochemical oxidant formation
REU Reference energy unit
Sc. Scenario
TA Terrestrial acidification
TET Terrestrial ecotoxicity
ULO Urban land occupation
WD Water depletion
WTA Waste heat utilization
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Abstract: Heat pumps are increasingly seen as efficient and cost-effective heating systems also in
industrial applications. They can drastically reduce the carbon footprint of heating by utilizing waste
heat and renewable electricity. Recent research on Stirling cycle-based very high temperature heat
pumps is motivated by their promising role in addressing global environmental and energy-related
challenges. Evaluating the environmental footprint of a heat pump is not easy, and the impacts
of Stirling cycle-based heat pumps, with a relatively high temperature lift have received little
attention. In this work, the environmental footprint of a Stirling cycle-based very high temperature
heat pump is evaluated using a “cradle to grave” LCA approach. The results for 15 years of use
(including manufacturing phase, operation phase, and decommissioning) of a 500-kW heat output
rate system are compared with those of natural gas- and oil-fired boilers. It is found that, for the
Stirling cycle-based HP, the global warming potential after of 15 years of use is nearly −5000 kg CO2

equivalent. The Stirling cycle-based HP offers an environmental impact reduction of at least 10% up
to over 40% in the categories climate change, photochemical ozone formation, and ozone depletion
when compared to gas- and oil-fired boilers, respectively.

Keywords: stirling cycle-based heat pump; gas/oil-fired boilers; life cycle assessment; SimaPro;
eco-indicator 99

1. Introduction

Energy is one of the sectors that pollute and harm the environment the most [1]. A key challenge
is to address global environmental problems by supporting energy and environmental conditions
in parallel. For sustainable development, it is important to change practices and technologies.
Total energy use and efficiency are significant motivating factors for assessing the environmental effect
of energy use on the environment. Therefore, it is essential to follow the principles of sustainable
development strictly [2]. Aiming at a cleaner and better future, the negative impacts of energy use
on the environment can be minimized by implementing the usage of renewable energy sources or by
adopting environmentally friendly technologies.

Electricity and heat generation contribute to almost half of the global annual CO2 emissions [2].
One of the major contributors to climate change is emissions of CO2 from the energy sector, which were
a major topic for discussions at the 21st Conference of Parties (COP21) in Paris from 30 November
to 11 December 2015. As an outcome of this conference, initiatives have been taken to address these
issues of annual emissions so that global temperature rise will be below 2 ◦C, and preferably below
1.5 ◦C. This target can be achieved by substituting fossil fuels, specifically coal, oil, and natural gas,
with renewable energy sources [3].

Heat pumps offer an energy-efficient solution to heating and air conditioning as they can use
renewable electricity and low value heat that can often be taken freely from surroundings. Since heat
pumps rely on transmission of heat rather than generation of heat, they do so at one-quarter of the
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operational cost of conventional heating or cooling technologies, depending on the efficiency of the
heat pump, which is often given as the coefficient of performance (COP).

With the electricity markets introducing more and cheaper electricity from renewable sources,
heat pumps are gaining market share, replacing traditional fuel-based heating. This is currently
happening in the industry as well, with higher temperatures—e.g., above 120 ◦C—being a challenge.
This is where high temperature heat pumps [4] become of interest. The Stirling-cycle based heat pump
has already been shown to be efficient at high temperatures and high temperature lifts (see, for instance,
the previous work by the authors [5]).

The manufacturing phase of a heat pump is a key contribution phase for determining the
environmental impacts arising throughout a product life cycle [6,7]. However, the importance of the
manufacturing phase in a life cycle assessment (LCA) is dependent on the heat pump, its capacity,
main components, and efficiency [8]. The environmental impacts of the operational phase are sometimes
less than the impacts caused by the production and assembling phase. For cases such as these, an LCA
study is greatly suggested to recognize and quantify the environmental impact hotspots along the
complete life cycle of process units or products.

According to Linke et al. [9,10], to make improvements in manufacturing processes and to attain
environmental benefits, companies should add Environmental Impact Assessment (EIA) to their
manufacturing phase of products. EIA is a necessary step for the planning of any technical structure to
gain clear insight into the likely environmental impact of the structure. EIA techniques are designed to
minimize or avoid the adverse effect of development, a process, or a product on the environment.

A comprehensive study was conducted by Stamford et al. [11] to investigate the life cycle
environmental and economic sustainability of Stirling engine micro-CHP (combined heat and power)
systems and compare it with conventional energy provision from natural gas boiler and grid electricity.
Another study addressed the environmental impacts of domestic Stirling engine micro-CHP integrated
with solar photovoltaics and battery storage. They concluded that relative environmental impacts can
be reduced by 35–100% by replacing grid electricity and a gas boiler by such integrated system [12].
Other relevant work includes two studies that estimated the CO2 reduction achievable by Stirling engine
and internal combustion engine-based CHP systems, but they did not follow a life cycle approach [13,14].

In this paper, the environmental footprint of an industrial size Stirling cycle-based heat pump
is compared to that of natural gas or oil-fired boilers. Environmental footprint as the name suggests
is defined as environmental impacts associated with any entity, process, or product. It considers
the resources a person/product/process utilizes and the resulting emissions to land, air, and water.
The study was made using the SimaPro software [15] for LCA. The construction phase, 1, 8, or 15 years
of use, and the decommissioning and recycling are considered.

LCA is increasingly becoming standard procedure environmental footprint analysis and
comparison of processes or products. One novelty of this paper is to apply it to an energy technology
that has very recently found application at an industrial scale. Sufficient real-time data have recently
been produced to make this study possible. While hardly any work on LCA applied to Stirling
cycle-based energy technology has been reported in the open literature, this paper addresses a reversed
Stirling cycle-based heat pump.

2. Materials and Methods

The description of the system and a description of the LCA-methodology used in this work are
given in the two next sections. The goal and scope, as well as a description of the system boundaries,
are given in the third and fourth sections.

2.1. System Description

The heat pump studied for this study is a double-acting alpha configuration Stirling cycle heat
pump. A Stirling engine is driven at different temperatures by periodic compression and expansion of
a working fluid (for this study, helium gas) such that the net transmission of heat energy results in
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mechanical work. When operated as a heat pump, the process runs in reverse: work (electricity) is
used to yield high-temperature heat from low-temperature heat.

The heat pump is comprised of main components such as the heater, regenerator, cooler,
and compression and expansion cylinders arranged in a Franchot configuration. The internal heat
exchangers include heating, cooling, and regenerating sections in the same unit. The heat exchanger is
constituted of stainless-steel tubes while the regenerator is made of a metallic mesh of stainless steel.
The heat pump in this study as shown in Figure 1 is used to recover heat and use this heat along with
the electrical input (250 kW) to generate steam at 10 bar at an output of 500 kW [16].

Figure 1. The HighLift HTHP from Olvondo Technology installed in the heat pump room at
pharmaceutical company AstraZeneca, Gothenburg, Sweden. The nominal heat output from the
heat pump is between 450 and 500 kW.

2.2. LCA Methodology

To evaluate the sustainability of heat pump and compare that to other, more conventional but
potentially more polluting heaters, reliable scientific tools that consider the entire lifetime of a product
are needed. LCA is an evaluation tool that assesses and quantifies environmental impacts associated
with product/process throughout the life cycle of a product known as “cradle to grave” analysis.
The manufacturing and use of resources (i.e., materials and energy), as well as emission to the
environment (land, air, and water), are calculated for each process. The significance of impact on
environmental categories such as climate change, human and ecotoxicity can then be assessed for
several so-called impact categories.

For this study, the LCA methodology was applied using the commercial software SimaPro 9.0.
SimaPro is a software tool that collects, analyzes, and monitors the sustainability performance of
any product or process. Two types of data are used to model the functional systems: foreground
and background data [17]. The foreground data, which include data about technology, efficiency,
and installed capacity, were taken from industrial technical data sheets and literature. Background
data, which include information about raw material manufacturing and fuel use for transportation,
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construction, and decommissioning of functional unit, were obtained from the Ecoinvent (v.3.5)
database, which is embodied in the SimaPro software. SimaPro contains many LCI (Life cycle impact)
databases, besides the well-known Ecoinvent v3 database, e.g., theAgri-footprint database and the
ELCD database. The Ecoinvent database is a data source for studies and assessments based on
ISO 14040 and 14044. The Ecoinvent LCI data are utilized to conduct the life cycle assessment,
water footprint assessment, life cycle management, carbon footprint assessment, environmental
performance monitoring, product design, and eco-design or Environmental Product Declarations
(EPD) [17]. The ISO standardization makes LCA scientifically well-supported while databases for it
are continuously expanding. Limitations of LCA are the need for reference or comparison data in the
databases used, which sometimes need to be added by the user, or, for research purposes, lack of data
for a new process or product. For the current study, database as well as real-life heating system data
were sufficiently available.

The heating systems studied are: (a) Stirling cycle-based heat pump (SE HP); (b) oil boiler (OB);
and (c) natural gas-fired boiler (NGB). These three systems were evaluated for locations in Sweden
with identical climatic conditions. The choice of the location was according to the location of the heat
pump under study, which is in Gothenburg, Sweden. The results of the analysis might be different
depending on the chosen location.

The LCA methodology is comprised of four main stages of analysis: (i) defining goal and
scope; (ii) data collection for life cycle inventory (LCI); (iii) identifying the environmental impact
of all the inputs and outputs (LCIA); and (iv) interpreting the results. Several assessment methods
have developed over time to classify and characterize the environmental performance of a system:
Eco-indicator 99, EDIP 2003, CML 2001, IMPACT 2002+, ReCiPe Endpoint, CML 2 baseline 2000,
BEES, TRACI 2, EDIP 2, etc. [18]. The methods used for the current analysis are IMPACT 2002+ and
Eco-indicator 99. IMPACT 2002+ v Q2.2 [19] combines the midpoint/damage-oriented approach to
impact categories such as human toxicity, carcinogenic effects, non-carcinogenic effects, respiratory
effects (due to inorganics), etc. The Eco-indicator 99 [20] method specifies the environmental impact in
numbers or scores. This score is scaled in such a way that each point signifies the annual environmental
load of an average [European] citizen. The impact categories to be investigated for this study are
respiratory effects, climate change, ozone layer depletion, and acidification because they have been found to
be the significant ones in this kind of studies.

For each phase during the manufacturing, operation, and decommissioning, inventory lists,
including raw materials and fuel acquisition/manufacturing and air/water emissions, were computed
and categorized into the impact categories. The data for impact categories were from information
provided by Pre Consultants [21]. Through characterization, the environmental impacts were
determined for each category. Lastly, it was investigated which practice has the major impact
on the environment during manufacturing and decommissioning, respectively, as these phases are
independent of the duration of use of a product between these two phases.

2.3. Goal and Scope

The scope of the analysis comprises:

• The quantification of resource use and emissions resulting from the manufacturing, operation,
and decommissioning of the 500-kW Stirling cycle-based heat pump (SE HP) and oil and natural
gas burners (OB, NGB).

• A quantitative comparison between different heat pumps to provide a more complete picture of
the potential benefits of the SE HP over NGB and OB from an environmental footprint viewpoint.

• This analysis is related to Swedish conditions. The functional unit employed for this analysis is a
boiler. The lifespan of the boiler is assumed to be 15 years or shorter.
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2.4. System Boundary

To quantify the impacts of the analyzed unit, system boundaries must be determined. The system
boundaries adopted in this study are shown in Figure 2.

Manufacturing: The first phase across the system boundaries is the manufacturing phase. It includes
extraction of raw materials, the production of the parts for the unit, transportation activities, the assembly
and packaging of components, and testing analysis at the unit.

Operation: The operation phase includes the transport of the HP or boiler to consumers and
the processes that follow during the use phase. The processes entail fuel consumption/acquisition,
electricity production and usage during boiler operations, the heating process, the hot water cycle,
and combustion emissions. Besides water consumption that may occur, the HP also brings about a
consumption (due to losses) of helium working fluid.

Maintenance: The transport of engineers to and from the site for maintenance of unit is included.
The installation or replacement of any component needed during maintenance is excluded, as the
contribution may be assumed negligible. If some of the main components are replaced, e.g., the main
motor, this assumption is no longer valid. However, the heat pump is engineered to ensure long-life
operation of the large critical components.

Decommissioning: Lastly, the end of life (EoL) phase is also assessed, considering the heat pump’s
handling activities after the estimated life span use. In the decommissioning process, disassembly,
cleaning, repairing of parts, and final disassembly are considered. In principle, this makes the
raw materials available for other use. (In the LCA, this typically results in negative values for
environmental impact.)

Figure 2. Schematic diagram of the system boundary for life cycle assessment of SE HP.

The system boundary for natural gas-fired boiler and oil boiler are slightly different, consisting
of raw material extraction/acquisition, fuel and materials transportation, boiler unit construction,
the operation (combustion of fuel), annual maintenance of boiler, and decommissioning of boiler.
The production of imported fuel (natural gas) is also considered.

The inventory data sheet used for the development of an LCI network diagram for the Stirling
engine-based heat pump (SE HP), natural gas-fired boiler (NGB), and oil boiler (OB) is given in Table 1.
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Table 1. Inventory data for LCA analysis of Stirling engine-based HP, Natural gas-fired boiler and
oil boiler.

Lifecycle
Phase

Raw Materials
and Resources Used

SE HP NGB OB

Construction

Stainless Steel kg 7697 104 0
Steel low-alloyed kg 0 2396 0

Steel kg 0 0 2425
Cast iron kg 1500 0 0
Copper kg 700 63 125
Brass kg 0 1 0.25

Aluminum kg 0 156 75
Lead kg 0.1 0 0

Chromium kg 1 0 0
Tungsten kg 1 0 0

Plastic 1 PTFE kg 1 0 0
HDPE kg 0 19 7

Silica aerogel kg 100 0 0
Rockwool kg 0 167 95

alkyd paint kg 0 0 13
Brazing solder kg 0 0 30

Corrugated board kg 0 0 50
Medium voltage electricity kWh 0 6125 1660

Natural gas MJ 0 9833 9600
Light fuel oil MJ 0 5187 5100

Tap water kg 0 0 3705

Operation

Helium kg/yr 20 0 0
Water m3/yr 50 0 0

Motor oil L/yr 200 0 0
Land occupation industrial set- up m2 50 50 50

Electricity Power kW 250 0 0
Heat output kW 500 0 0
Natural gas MJ/m3 0 36.8 * 0

Oil MJ/kg 0 0 45.2 *

* Based on Ecoinvent v2.0 database (2012).

3. Results

The following section assesses the environmental impacts associated with Stirling cycle-based
heat pump, natural gas-fired boiler, and oil boiler with design capacity of 500 kW and compares them
with a Stirling cycle-based heat pump. In the tables and figures, dimensionless values are given,
grouping several impact categories, unless clearly indicated with a unit.

3.1. Stirling Cycle-Based Heat Pump

The contributions of the construction, operational use, and decommissioning stages of the Stirling
cycle-based HP to the total impact were assessed using SimaPro software. Table 2 shows the impacts
associated with the generation of 500 kW of heat using a Stirling cycle-based HP.
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Table 2. Impact assessment and characterization per impact category for a 500-kW heat output Stirling
cycle HP.

Impact Category Unit
Construction +
1 Year of Use

Construction +
8 Years of Use

Construction + 15
Years of Use +
Decommission

Carcinogens DALY * 2.65 × 10−3 2.67 × 10−3 8.80 × 10−4

Non-carcinogens DALY 1.01 × 10−2 1.01 × 10−2 8.54 × 10−3

Respiratory
(inorganics) DALY 2.65 × 10−2 2.69 × 10−2 1.28 × 10−2

Ionizing radiation DALY 6.56 × 10−5 6.63 × 10−5 6.17 × 10−5

Ozone layer depletion DALY 2.9 × 10−6 3.20 × 10−6 2.84 × 10−6

Respiratory (organics) DALY 1.80 × 10−5 2.02 × 10−5 −6.20 × 10−5

Aquatic ecotoxicity PDF ×m2 × year ** 4.58 × 102 4.60 × 102 3.60 × 102

Terrestrial ecotoxicity PDF ×m2 × year 2.52 × 104 2.54 × 104 2.17 × 104

Terrestrial acid/nutri PDF ×m2 × year 5.42 × 102 5.57 × 102 3.47 × 102

Land occupation PDF ×m2 × year 4.61 × 102 4.63 × 102 3.22 × 102

Global warming kg CO2-eq 8.11 × 103 9.61 × 103 −4.89 × 103

Non-renewable energy MJ primary 7.68 × 105 7.98 × 105 7.00 × 105

Mineral extraction MJ primary 6.82 × 104 6.82 × 104 6.76 × 104

* DALY, disability-adjusted life year; ** PDF, potentially disappeared fraction of species.

Figure 3 shows impact assessment for the heat pump on a relative scale. This means that the
plotted values are the values in Table 2 divided by the average for the three cases. As can be seen
from the graph, the main contributions to the environmental impact are during the construction and
decommissioning stages.

Figure 3. Relative impact assessment for the heat pump with varying use duration. The different
factors are made dimensionless by dividing each value by the average value of the factors.
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The analysis shows that almost 80% of the impact stems from the production of raw material for
constructing the Stirling cycle HP itself, whereas the operation phase contributes less than 20%. Only a
small fraction of the impact is due to the maintenance of the engine.

Figure 4 shows that among the impact categories terrestrial ecotoxicity and respiratory inorganic,
the share of the processing is close to 50%. The use of water for the operational phase and maintenance
phase and the production of cast iron and copper are the main contributing factors, respectively.

Figure 4. Life-cycle assessment of a 500-kW heat output Stirling cycle-based HP.

When decommissioning is included in the assessment, the impact category global warming and
respiratory organic effects show negative values, which means a positive effect on the environment.
This effect stems from the 90% recycling of the engine’s material.

For most categories, the score is positive, which shows that the net effect is damage to the
environment. However, in categories such as respiratory organics and global warming, where a score
is negative, the benefits are more significant than the burdens. This is because some substances are
paired with a negative characterization factor (C.F.). These substances are known to, for example,
contribute to global cooling.

For the Stirling cycle-based HP, the primary emission source leading to the impact is the emissions
of zinc to air, mainly stemming from copper production. The analysis showed considerable emission
of nitrogen oxides and sulfur oxides as well, which contributes to the photochemical ozone formation
and acidification. One of the main contributions to the result is water used for cooling in the context of
electricity production.

The resource indium also has a significant impact for the Stirling cycle-based HP. Indium appears
in lead-zinc mining as a resource input from nature. In the Ecoinvent dataset, it is assumed that this
indium is not used, and thus the resource is wasted. However, with rising demand, it would be
possible to extract this resource in the process of lead-zinc mining. The indium accounts for about 60%
of the total impact. The contributing factor for ozone depletion by a Stirling cycle-based heat pump is
the emission of halons resulting from power generation.

A Stirling cycle-based heat pump has an average impact of 0.02 DALY for human health,
2.2 × 104 PDF·m2·year. for ecosystem quality, −4894 kg CO2-eq for global warming and 765,000 MJ for
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resource consumption. These values include manufacturing, use for 15 years, and decommissioning at
end-of-life, as listed in Table 3.

If impacts of the Stirling cycle-based H.P are analyzed over the years, the result shows that
one year (including manufacturing phase) of the daily operation of 500-kW heat output Stirling
cycle HP emits 8114 kg CO2-eq with 836,067 MJ energy needed for the extraction/manufacturing
of materials. Daily operation of this H.P for eight years (including manufacturing phase) emits
9610 kg CO2-eq requiring 865,853 MJ energy. Finally, after 15 years of operation including manufacturing
and the decommissioning phase, 767,212 MJ energy is needed with overall negative emissions of
−4894 kg CO2-eq.

Table 3. The environmental footprint of the 500-kW heat output Stirling cycle HP for construction, use
and end-of-life decommissioning.

Damage Category Unit
Construction + 1

Year of Use
Construction + 8

Years of Use

Construction + 15
Years of Use +
Decommission

Human health DALY * 0.0393 0.0397 0.0223
Ecosystem quality PDF ×m2 × year ** 2.66 × 104 2.69 × 104 2.27 × 104

Climate change kg CO2-eq 0.81 × 104 0.96 × 104 −0.49 × 104

* DALY, disability-adjusted life year; ** PDF, potentially disappeared fraction of species.

The ECO INDICATOR 99 method was used to analyze further the damage on human health,
ecosystem quality, and climate change, as shown in Figure 5. The Pt unit (a dimensionless value)
measures the impact of these damages. A value of 1 Pt refers to one-thousandth of the yearly
environmental impact of one average European inhabitant.

Figure 5. Damage assessment and characterization for Stirling cycle-based HP.

The figure shows that the major impact the Stirling cycle-based HP is on human health. From the
analysis of the results, it seems clear that the most critical material in terms of environmental impact
is copper (used in the electromotor of the Stirling cycle). The reason is that copper production,
although typically 41% recycled copper is used, contributes to the emission of direct atmospheric
arsenic emission.
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Moreover, the environmental impact for one year of operation is almost the same as for eight
years of operation. This shows that the main impact is associated with the production/extraction of raw
material for the equipment. It makes clear that, over the 15 years of operation, the additional impact
on human health, ecosystem, and climate change is not significant.

3.2. Natural Gas-Fired Boiler (NGB)

A natural gas-fired boiler shows a more significant environmental impact compared to a Stirling
cycle HP. For all the options that supply heat by burning natural gas (or oil, as discussed below),
the emissions of mercury to air are the crucial values. Table 4 shows the life cycle impacts associated
with natural gas boiler for 1, 8, and 15 years of operation. A significant emission source is the emission
of bromochlorodifluoromethane. This emission results from the typically long-distance transportation
of natural gas in pipelines as it is used for fire suppression within natural gas pipelines infrastructure.
The chromium (VI) emissions from iron production process contribute to the human toxicity and
cancer effects.

The CO2 emissions from burning natural gas have the main impact on climate change during
boiler use. Some further climate change effects stem from methane emissions that mainly occur
due to losses during the transport of natural gas (imported from Denmark via North Sea lines) in
long-distance pipelines (methane being the main component of natural gas). The use of a natural
gas boiler also results in considerable emissions of particulate matter from the combustion process.
Finally, the emission of nitrogen oxides during the combustion process at the heat pump results in
photochemical ozone formation, acidification, and terrestrial and marine eutrophication.

Table 4. Impact assessment and characterization for the 500-kW heat output natural gas-fired
boiler (NGB).

Damage Category Unit
Construction + 1

Year of Use
Construction + 8

Years of Use

Construction + 15
Years of Use +
Decommission

Human health DALY * 0.109 0.127 0.114
Ecosystem quality PDF ×m2 × year ** 4.08 × 104 4.08 × 104 3.98 × 104

Climate change kg CO2-eq 8.89 × 105 7.16 × 106 1.27 × 107

* DALY, disability-adjusted life year; ** PDF, potentially disappeared fraction of species.

3.3. Oil Boiler (OB)

The analysis of the life cycle footprint of an oil boiler shows a similar split (Table 5) of the
total impact as for natural gas. In addition, here, the emissions of the burning process, especially
CO2, contribute most to the impact category climate change. A prominent difference is that the
emissions from the oil burning process also contribute most in the impact categories photochemical
ozone formation, terrestrial eutrophication, and marine eutrophication. Electricity (needed during
the equipment construction phase) contributes very little in most categories, being also, per MJ of
heat produced during the use phase, smaller than for a natural gas boiler. The oil boiler has higher
impacts on acidification compared to natural gas, a large extent the result of sulfur dioxide emissions.
These emissions result primarily from the oil production (refining) process. For the oil boiler, emissions
of copper and zinc to air both contribute to the environmental impact, stemming mainly from the
burning process.

For heat from an oil boiler, the emission of bromotrifluoromethane (with a high ozone-depleting
potential) from oil production is an important input. The emission stems from leakage, losses at filling,
and false alarms.
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Table 5. Impact assessment and characterization for oil boiler (OB).

Damage Category Unit
Construction + 1

Year of Use
Construction + 8

Years of Use

Construction + 15
Years of Use +
Decommission

Human health DALY 0.162 0.21 0.198
Ecosystem quality PDF ×m2 × year 5.45 × 104 5.46 × 104 5.29 × 104

Climate change kg CO2-eq 1.68 × 106 8.94 × 106 1.73 × 107

The comparison of damage assessment and characterization of Stirling cycle-based HP, oil boiler
(OB), and natural gas-fired boiler (NGB) during their life span of 15 years is given in Table 6.

Table 6. Impact assessment and characterization for construction, 15 years of use, and end-of-life
decommissioning of a Stirling cycle-based HP (SE HP), an oil boiler (OB), and a natural gas-fired boiler
(NGB) for 500-kW heat output.

Impact Category Unit NGB OB SE HP

Carcinogens DALY 1.73 × 10−1 1.59 × 10−1 8.80 × 10−4

Non-carcinogens DALY 1.05 × 10−2 1.23 × 10−2 8.54 × 10−3

Respiratory inorganics DALY 4.89 × 10−1 6.75 × 10−1 1.28 × 10−2

Ionizing radiation DALY 2.17 × 10−4 2.30 × 10−4 6.17 × 10−5

Ozone layer depletion DALY 2.48 × 10−3 2.76 × 10−3 2.84 × 10−6

Respiratory organics DALY 3.56 × 10−5 3.60 × 10−5 −6.20 × 10−6

Aquatic ecotoxicity PDF ×m2 × year 5.76 × 102 6.66 × 102 3.60 × 102

Terrestrial ecotoxicity PDF ×m2 × year 3.76 × 104 5.01 × 104 2.17 × 104

Terrestrial acid/nutri PDF ×m2 × year 9.99 × 102 1.14 × 103 3.47 × 102

Land occupation PDF ×m2 × year 6.50 × 102 1.04 × 103 3.22 × 102

Global warming kg CO2-eq 1.27 × 107 1.73 × 107 −4.89 × 103

Non-renewable energy MJ primary 9.15 × 105 8.12 × 105 7.00 × 105

Mineral extraction MJ primary 8.14 × 104 1.02 × 105 6.76 × 104

Similar to Figure 3, a comparison of relative impacts (normalized around the average value) for
the three technologies is given in Figure 6.

Figure 6. Comparing the relative impact assessment of the technologies. The different factors are made
dimensionless by dividing each value by the average value of the factors.
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4. Discussion

The Stirling cycle-based heat pump technology causes lower to non-significant environmental
impacts compared to a natural gas-fired boiler or an oil-fired boiler. The toxicity originates to the largest
part from chromium (VI) emissions into the water in all considered technologies. The unit process is
responsible for emissions with the main impact on human toxicity, cancer effects, and global warming.

Figure 7 shows the relative distribution of impacts associated with the use of SE HP, NGB, and OB.
Among all categories, human impact is the largest contributing category by these heating technologies
following climate change (i.e., global warming potential).

The unit processes with the most significant direct emissions are the processes in which fuels
are burned. The largest impacts then come from the oil boiler, followed by the natural gas boiler.
The emissions with the highest influence in this category are, besides CO2, sulfur dioxide and particulate
emissions. For the Stirling cycle-based HP construction, nickel and lead manufacturing are the main
contributors, besides copper, which is used in the electromotor.

For the impact on climate change, a substantial reduction is possible by replacing a natural gas or
oil boiler with a high temperature heat pump. A reduction of up to 15% of the original impact is possible
for the options that do not use natural gas. For the oil boiler, a reduction by almost one third is possible.
For particulate matter, the oil-fired boiler gives a much higher environmental burden, comparatively.
Many impact categories show similar results since the same emissions (see, e.g., emission of nitrogen
oxides to air) is responsible for various environmental problems.

Figure 7. Comparison of damage assessment and characterization Stirling cycle-based HP (SE HP), oil
boiler (OB), and natural gas-fired boiler (NGB) on a relative scale.

Figures 8–10 give a comparison of environmental impact for nine damage categories for
construction + 1 year of operation (Figure 8), construction + 8 years of operation (Figure 9) and
construction + 15 years of operation followed by decommissioning (Figure 10).
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Figure 8. Comparison of damage assessment and characterization for a Stirling cycle-based HP (SE
HP), an oil boiler (OB), and a natural gas boiler (NGB) on a relative scale for one year of operation
(excluding decommissioning).

Figure 9. Comparison of damage assessment and characterization Stirling cycle-based HP (SE HP),
oil boiler (OB), and natural gas boiler (NGB) on a relative scale for eight years of operation (excluding
decommissioning).
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Figure 10. Comparison of damage assessment and characterization for a Stirling cycle-based HP (SE
HP), an oil boiler (OB), and a natural gas-fired boiler (NGB) on a relative scale for 15 years of operation
(including decommissioning).

The already mentioned paper by Stamford et al. [11] gives a similar study done for a much
smaller 1-kW Stirling engine HP and compares it with a gas-fired boiler. They concluded that the S.E.
micro-CHP system offers an environmental and economic advantage over the oil boiler by 30%, similar
to what is found here.

5. Conclusions

The study evaluated the environmental sustainability of a Stirling cycle-based HP using the
LCA approach. The analysis conducted above shows that the manufacturing phase has the most
impact during the life span (15 years) of a Stirling cycle-based HP in terms of environmental impacts.
The results show that, for the Stirling cycle HP to produce 4 GWh heat output (including manufacturing
phase, operation phase, and decommissioning phase), the global warming potential at the end of its
life span is −5000 kg CO2 equivalent and acidification potential 202 kg SO2 equivalent.

This study also compared the environmental impacts of a Stirling cycle-based heat pump with
that of an oil boiler and a natural gas-fired boiler for 500-kW heating. The major impacts of the oil
boiler and the natural gas-fired boiler are during the use phase of the engine.

For future work, the comparison should be conducted concerning the economic sustainability of
the Stirling cycle-based HP and its comparison with a natural gas-fired boiler, oil boiler, and, if possible,
an electric heater boiler. This would be beneficial in providing a still broader picture of how Stirling
cycle-based HP technology can replace NGB, OB, and electric boilers in terms of lower environmental
and economic impacts.

Author Contributions: Conceptualization, R.Z., U.K. and T.-M.T.; methodology, R.Z. and U.K.; software, U.K.,
and R.Z.; validation R.Z. and T.-M.T.; formal analysis, U.K. and R.Z.; investigation, U.K., R.Z. and T.-M.T.;
resources, U.K., R.Z. and T.-M.T.; data curation, U.K., R.Z. and T.-M.T.; writing—original draft preparation,
U.K.; writing—review and editing, R.Z. and T.-M.T.; visualization, T.-M.T.; supervision, R.Z. and T.-M.T.;
project administration, R.Z. and T.-M.T.; funding acquisition, R.Z. and T.-M.T. All authors have read and agreed to
the published version of the manuscript.

170



Energies 2020, 13, 4469

Funding: The European Commission within the Horizon2020 Fast track to innovation project “HIGHLIFT” grant
agreement number 831062 funded this work.

Acknowledgments: The authors acknowledge the collaborators Olvondo Technology, AstraZeneca, and Åbo
Akademi University for all the necessary support provided to carry out this research work.

Conflicts of Interest: The authors declare no conflict of interest.

Disclosures: One of the authors, T.-M. Tveit, is working in a company developing and marketing the heat pump
being studied. All authors are participating in an EU-financed project developing the technology.

References

1. Harbulakova, V.; Zelenakova, M.; Purcz, P.; Olejnik, A. Selection of the best alternative of heating system by
environmental impact assessment—Case study. Environments 2018, 5, 19. [CrossRef]

2. United Nations General Assembly, Transforming our World: The 2030 Agenda for Sustainable Development,
Seventieth Session, Agenda Items 15 and 116, 2015. Available online: http://www.un.org/ga/search/view_
doc.asp?symbol=A/RES/70/1&Lang=E(pdf) (accessed on 11 May 2020).

3. Günkaya, Z.; Özdemir, A.; Özkan, A.; Banar, M. Environmental performance of electricity generation based
on resources: A life cycle assessment case study in Turkey. Sustainability 2016, 8, 97. [CrossRef]

4. Arpagaus, C.; Bless, F.; Uhlmann, M.; Schiffmann, J.; Bertsch, S. High temperature heat pumps:
Market overview, state of the art, research status, refrigerants, and application potentials. Energy 2018, 152,
985–1010. [CrossRef]

5. Zevenhoven, R.; Khan, U.; Haikarainen, C.; Saeed, L.; Tveit, T.M.; Saxén, H. Performance improvement of an
industrial Stirling engine heat pump. In Proceedings of the ECOS 2020—The 33RD International Conference
on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy Systems, Osaka, Japan,
29 June–3 July 2020; pp. 1042–1053.

6. Diaz, N.; Ninomiya, K.; Noble, J.; Dornfeld, D. environmental impact characterization of milling and
implications for potential energy savings in industry. In Proceedings of the 5th CIRP Conference on High
Performance Cutting, Zurich, Switzerland, 4–7 June 2012. [CrossRef]

7. Kong, D.; Choi, S.; Yasui, Y.; Pavanaskar, S.; Dornfeld, D.; Wright, P. Software-based tool path evaluation for
environmental sustainability. J. Manuf. Syst. 2011, 30, 241–247. [CrossRef]

8. David, A.D. Moving towards green and sustainable manufacturing. Int. J. Precis. Eng. Manuf. Green Technol.
2014, 1, 63–66. [CrossRef]

9. Linke, B.; Duscha, M.; Klocke, F.; Dornfeld, D. Combination of speed stroke grinding and high-speed grinding
with regard to sustainability. In Proceedings of the 44th CIRP Int. Conference on Manufacturing Systems,
Madison, GA, USA, 31 May–3 June 2011.

10. Aurich, J.C.; Linke, B.; Hauschild, M.; Carrella, M.; Kirsch, B. Sustainability of abrasive processes.
CIRP Ann. Manuf. Technol. 2013, 62, 653–672. [CrossRef]

11. Stamford, L.; Greening, B.; Azapagic, A. Life cycle environmental and economic sustainability of stirling
engine micro-CHP system. Energy Technol. 2018, 6, 1119–1138. [CrossRef]

12. Balcombe, P.; Rigby, D.; Azapagic, A. Energy self-sufficiency, grid demand variability and consumer costs:
Integrating solar PV, Stirling engine CHP and battery storage. Appl. Energy 2015, 155, 393–408. [CrossRef]

13. Peacock, A.; Newborough, M. Impact of micro-CHP systems on domestic sector CO2 emissions.
Appl. Therm. Eng. 2005, 25, 2653–2676. [CrossRef]

14. Peacock, A.; Newborough, M. Effect of heat-saving measures on the CO2 savings attributable to
micro-combined heat and power (μCHP) systems in UK dwellings. Energy 2008, 33, 601–612. [CrossRef]

15. SimaPro. Available online: https://simapro.com/ (accessed on 4 May 2020).
16. Tveit, T.M.; Khan, U.; Zevenhoven, R. Environmental impact of high temperature industrial heat

pumps—From a global warming potential (GWP) perspective, Industrial Efficiency 2020—Accelerating
decarbonization. In Proceedings of the ECEEE Industrial Efficiency, Gothenburg, Sweden,
14–16 September 2020.

17. Singh, A.; Miró, L.; Cabeza, L. Environmental Approach. In High Temperature Thermal Storage Systems Using
Phase Change Materials; Academic Press: Cambridge, MA, USA, 2018; pp. 277–295. [CrossRef]

18. Solé, V.; Ibrahim, D.; Rosen, M. Life cycle assessment of ammonia production methods. Exergetic Energetic
Environ. Dimens. 2018, 935–959. [CrossRef]

171



Energies 2020, 13, 4469

19. Jolliet, O.; Margni, M.; Charles, R.; Humbert, S.; Payet, J.; Rebitzer, G.; Rosenbaum, R. IMPACT 2002+: A new
life cycle impact assessment methodology. Int. J. Life Cycle Assess. 2014, 8, 324–330. [CrossRef]

20. Eco-Indicator 99 Manual. Available online: https://www.pre-sustainability.com/news/eco-indicator-99-
manuals (accessed on 6 May 2020).

21. PRé-Sustainability. Available online: https://www.pre-sustainability.com/ (accessed on 4 May 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

172



energies

Article

Ecological Scarcity Based Impact Assessment
for a Decentralised Renewable Energy System

Hendrik Lambrecht *, Steffen Lewerenz, Heidi Hottenroth, Ingela Tietze and Tobias Viere

Institute for Industrial Ecology (INEC), Pforzheim University, Tiefenbronner Str. 65, 75175 Pforzheim, Germany;
steffen.lewerenz@hs-pforzheim.de (S.L.); heidi.hottenroth@hs-pforzheim.de (H.H.);
ingela.tietze@hs-pforzheim.de (I.T.); tobias.viere@hs-pforzheim.de (T.V.)
* Correspondence: Hendrik.lambrecht@hs-pforzheim.de

Received: 30 September 2020; Accepted: 24 October 2020; Published: 29 October 2020

Abstract: Increasing the share of renewable energies in electricity and heat generation is the cornerstone
of a climate-friendly energy transition. However, as renewable technologies rely on diverse natural
resources, the design of decarbonized energy systems inevitably leads to environmental trade-offs.
This paper presents the case study of a comprehensive impact assessment for different future
development scenarios of a decentralized renewable energy system in Germany. It applies an
adapted ecological scarcity method (ESM) that improves decision-support by ranking the investigated
scenarios and revealing their main environmental shortcomings: increased mineral resource use and
pollutant emissions due to required technical infrastructure and a substantial increase in land use due
to biomass combustion. Concerning the case study, the paper suggests extending the set of considered
options, e.g., towards including imported wind energy. More generally, the findings underline the
need for a comprehensive environmental assessment of renewable energy systems that integrate
electricity supply with heating, cooling, and mobility. On a methodical level, the ESM turns out to be
a transparent and well adaptable method to analyze environmental trade-offs from renewable energy
supply. It currently suffers from missing quantitative targets that are democratically sufficiently
legitimized. At the same time, it can provide a sound basis for an informed discussion on such targets.

Keywords: life cycle impact assessment; distance-to-target weighting; ecological scarcity; renewable
electricity and heat generation; decentralized energy system

1. Introduction

Diverse criteria need to be considered when planning future energy systems, such as costs,
greenhouse gas emissions, land use, and further environmental impacts. As these criteria are measured
in different units, they cannot be directly compared and decision-makers need support to consider
conflicting targets adequately. This article, therefore, deals with a systematic analysis of environmental
trade-offs to better support the design of decentralized renewable energy systems. It is based on a
case study conducted as part of the center for applied research “Urban Energy Systems and Resource
Efficiency” (ENsource), an inter-university research network that aims to provide scientific support
for the design and operation of sustainable energy systems. The case study took place at Mainau
GmbH, a tourist company located on an island in Lake Constance in southern Germany. To become
climate neutral, its management decided to further increase the share of renewables in the company’s
energy supply. In order to design an energy system that reduces greenhouse gas (GHG) emissions
without increasing other environmental impacts, life cycle assessment (LCA) studies for four future
energy supply options were conducted, focusing on the choice of an appropriate metric for evaluating
environmental trade-offs.

With the Federal Climate Protection Act [1], the German government has committed itself to
become greenhouse gas neutral by 2050. As electricity and heat generation account for more than
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one-third of German GHG emissions [2], the use of renewable technologies in these sectors is an
important lever for the German energy transition. Hence, Mainau GmbH’s objectives and strategy are
representative of the current efforts of many companies and municipalities in Germany.

Although renewable energies reduce GHG emissions, their construction, disposal, and in some
cases, also operation still cause environmental pressures [3,4]. The design of a decarbonized urban
energy supply almost inevitably leads to environmental trade-offs. For mineral resources Vidal et al.
even point out the danger of a vicious cycle, where “the shift to renewable energy will replace
one non-renewable resource (fossil fuel) with another (minerals and metals)” [5]. Hertwich et al.
substantiate this concern in an LCA study of a long-term, wide-scale implementation of renewable
electricity generation up to 2050 that indicates an increased global consumption of mineral resources
like cement, iron, aluminum, and especially copper [6]. As humankind is already at the limits of or
even transgressing multiple planetary boundaries [7], a multi-dimensional view of environmental
impacts becomes imperative: An energy system design that only takes GHG emissions into account
can lead to adverse environmental effects [8].

Hence, methods are required that enable planners and decision-makers to identify energy supply
options with a minimal overall environmental impact. LCA provides valuable decision support in
this context, as it considers the whole life cycle of power plants and energy carriers [9]. It moreover
incorporates a comprehensive environmental impact assessment. Unfortunately, the results of a
multi-dimensional life cycle impact assessment (LCIA) are often ambiguous. The main challenge
for practical decision support is, therefore, to make impacts in different categories comparable in a
meaningful way. Several existing weighting methods can help to solve this dilemma. Even though this
approach is generally criticized for necessarily relying on normative value choices [10], it provides
valuable decision support in practice [11].

This paper uses the ecological scarcity method (ESM) [12,13] to normalize and weight LCIA results.
ESM is a distance-to-target method that weights different environmental pressures based on the ratio
of the current situation to the desired policy target. Due to its mathematical simplicity and because
the weights depend in a transparent way on publicly available data from laws or environmental
authorities [11], it is particularly suitable for communication with practical decision-makers who are
usually not LCA experts. For the same reason, it is easier to adapt the ESM to specific decision contexts
than other weighting approaches such as, e.g., monetary, panel, or mid-to-endpoint weighting [11,14].
In the present study, we adapt and apply an ESM to renewable energy systems in Germany.

The paper is outlined as follows. Section 2 introduces the main features of ESM and describes
essential assumptions and necessary adaptations for the assessment of renewable energy systems in
Germany. Sections 3 and 4 deal with the application of the method to the case study of Mainau GmbH.
Different energy supply scenarios are ranked regarding their environmental impact and trade-offs
between different impact categories are analyzed in more detail. A contribution analysis shows which
energy technologies and life cycle processes cause the highest environmental impacts. Based on
these results, Section 5 provides recommendations for company management. Section 6 puts the
findings from the case study into the broader context of the energy transition, discusses strengths and
weaknesses of the adapted ESM, and points out future research needs and fields of application.

2. Materials and Methods

2.1. The Ecological Scarcity Method—Basic Structure and Important Properties

All ESM share the same basic structure [13]: An impact score (IS) is calculated by multiplying
elementary flows ej from a product system’s life cycle inventory by specific eco-factors EFj (Equation (3))
and adding them up (Equation (1)). Elementary flows are material, and energy flows between the
system under investigation and the natural environment.

IS =
∑

j

ej · EFj (1)

174



Energies 2020, 13, 5655

Depending on the set of elementary flows covered by the summation index j, the impact score
corresponds either to a specific impact category i (e.g., climate change, mineral resources, water
pollution, etc.) or to the total environmental impact. The total impact score IStotal thus corresponds to
the sum of all category impact scores ISi (Equation (2))

IStotal =
∑

i

ISi (2)

The eco-factor (EFj) combines an external normalization with respect to an appropriate reference

value (Nj) and a weighting factor: wj =
(
Aj/Tj

)2
(Equation (3)). The weight depends on the ratio of

the current environmental pressure (Aj) and the desired target value (Tj). ESM thus belongs to the
class of distance-to-target weighting methods (cf. [11,15]).

EFj = · 1
Nj
·
(Aj

Tj

)2
(3)

For practical implementation, some specifications and extensions to this basic concept are necessary
(Equation (4)): First, most quantities involved in calculating eco-factors refer to a certain region x (e.g.,
Switzerland, Germany, the World) and time horizon t (e.g., 2010, 2020, or 2050). Second, the index
j in Equation (3) refers to single elementary flows, whereas target values, in some cases, only exist
on an aggregated level: For instance, greenhouse gas reduction targets apply to different substances
and are therefore expressed as global warming potential (CO2-equivalents). In this case, Equation (4)
integrates characterization, i.e., calculating the contribution of elementary flows j to specific impact
categories i via the characterization factor CFij and carries out both normalization and weighting on
the impact level. Finally, a region-specific scaling factor s(x) usually assures “reasonable” numerical
values for the impact IS.

EFj, x, t = CFij · 1
Ni,x,t

·
(

Ai,x,t

Ti,x,t

)2
· sx (4)

Equation (4) reveals an important feature of ESM: its adaptability. So far, it has mainly been
used to adapt the original Swiss ESM [13] to other countries including Germany [16,17], Thailand [18],
China [19], and the EU [20,21].

2.2. Compilation of the ENsource ESM

The following section describes the compilation of an ENsource ESM to evaluate environmental
trade-offs in the specific context of decentralized renewable energy systems in Germany at the example
of Mainau GmbH. To this end, normalization references (N), current pressures (A), and target values
(T) of suitable existing ESM had to be adapted to current German conditions. We chose the ESM
developed by Ahbe et al. for Germany as a starting point, whose eco-factors basically required a time
update (Equation (4)) [17]. In order to further increase the ESM’s coverage of relevant environmental
issues, the impact indicators land use, carcinogenic substances into air, heavy metals into air, and
ozone layer depletion have been adopted from an ESM developed by Muhl et al. for the European
Union [21]. Here, some quantities had to be scaled to German conditions. Eventually, the impact
category mineral resources, which is missing in the ESMs of both Ahbe et al. [17] and Muhl et al. [21],
was integrated following Frischknecht and Büsser-Knöpfel [13] but applying the latest abiotic resource
depletion potentials based on the ultimate reserve according to van Oers et al. [22].

All resulting eco-factors refer to x = Germany. For consistency reasons, the base year is t = 2017
for all normalization and current environmental pressures. The time horizon for the target values is
t = 2050 unless this was not possible due to the lack of data. The attribution of elementary flows to
impact categories (classification) follows the impact assessment method “ecological scarcity 2013” as
implemented in the ecoinvent v3.5 database [13,23].
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Table 1 provides an overview of all considered impact indicators in the ESM. The asterisks in
column “Adapted” indicate that most target values (T) have been changed with respect to their
respective origins, e.g., if more recent legislative references were available. The column “legitimation”
provides a classification of the target value’s degree of democratic legitimation according to the
following guidelines: A high legitimation (+) is assigned to quantitative targets adopted directly
from a national law or a regulation as, e.g., the Federal Climate Protection Act in the case of Global
Warming (GW) [1]. Targets based on binding international treaties or guidelines are assigned a medium
legitimation (o), e.g., the UN Protocol on Heavy Metals that sets binding targets for Germany for
heavy metal emissions into air (HMIA). Eventually, a low legitimation (−) indicates a target derived
from a qualitative objective or strategy [24]. This applies, for example, for the targets for mineral
resources (MR) and land use (LU), which are deduced respectively from the German resource efficiency
program II [25] and sustainability strategy [26]. For a detailed documentation of the eco-factors in the
ENsource ESM please refer to the supplementary information (S1_ENsource ESM, S2_ENsouce ESM
elementary flows).

Table 1. ENsource ESM impact indicators. Origin: indicates ESM from which indicator was adopted:
A = Ahbe et al. [17], M = Muhl et al. [21], F = Frischknecht and Büsser-Knöpfel [13]. Adapted:
Asterisks (*) indicate adaptations of target value T with respect to original ESM. Legitimation: Different
categories: (+) high (e.g., law, regulation); (o) medium (e.g., binding international treaty, EU directives);
(−) low (e.g., derived from qualitative goals, strategies).

Impact Class Impact Indicator Abbreviation Origin Adapted Legitimation

Global
warming global warming GW A * (+)

Ecosystem
quality

carcinogenic substances into air CSIA M (−)
heavy metals into air HMIA M * (o)

heavy metals into water HMIW A * (o)
main air pollutants and PM APP A * (o)

ozone layer depletion ODP M (+)
water pollutants WP A * (o)

Resources

mineral resources MR F * (−)
water resources WR A (−)

land use LU M * (−)
energy resources ER A (−)

Waste non-radioactive waste to deposit WTD A (−)

2.3. Comparative Analysis of the ESM Weighting Schemes

Figure 1 compares the normalized weights of the ENsource ESM with its predecessor methods.
The selection of impact categories corresponds to the ENsource ESM. Particularly striking are the
differences with Ahbe et al., as this was the starting point for the development of the ENsource
ESM [17].

First, the significantly higher share of GW in the ENsource ESM weighting scheme is conspicuous.
It corresponds to the more ambitious target value for GHG emission reductions (−90% of 1990 GHG
emissions by 2050 as compared to−80% in the ESM of Ahbe et al.) based on the following consideration:
The Federal Climate Protection Act [1] strives for climate neutrality. To avoid the mathematical
singularity and because we assume that a complete implementation is not to be expected, we use the
mean value between the target value used by Ahbe et al. and a reduction to zero. Even though this
does not correspond exactly to the legal limit, the resulting weight for global warming certainly better
reflects the current political priority setting than the original weight in Ahbe et al. [1,17].
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Figure 1. Weighting schemes of the different ecological scarcity methods. GW = global warming,
LU = land use, APP =main air pollutants and PM, ER = energy resources, HMIW = heavy metals into
water, CSIA = carcinogenic substances into air, HMIA = heavy metals into air, WP = water pollutants,
MR =mineral resources, WR = water resources, ODP = ozone layer depletion, WTD = non-radioactive
waste to deposit.

Furthermore, the large contribution of water pollutants (WP) and heavy metal emissions into water
(HMIW) in the weighting scheme of Ahbe et al. is striking. The corresponding target values stem from
a personal communication with the Federal Environment Agency [17]. As they could not be updated
with publicly available sources, the ENsource ESM uses the original methodology from Frischknecht
and Büsser-Knöpfel instead [13]. The target values for HMIW and polycyclic aromatic hydrocarbons
(concerning WP) thus correspond to critical concentrations [27]. The remaining WP target values for
phosphorus, nitrogen, and chemical oxygen demand correspond to those in Ahbe et al. [17].

3. Case Study: Renewable Energy Supply Scenarios for Mainau GmbH

In the present study, we analyze four scenarios that result from an energy system optimization
carried out by the ENsource partner Fraunhofer Institute for Solar Energy systems (ISE) by means of
the optimization tool KomMod [28]. All scenarios imply the coupling of heat and electricity sector.
First, an analysis of the renewable energy potential is conducted for the island of Mainau to identify
relevant constraints. For instance, due to lack of space for wind turbines on the island, wind energy is
excluded from the energy supply portfolio. KomMod then minimizes operational and investment
costs under the assumption that no energy infrastructure exists. This greenfield approach shall assure
a fair comparison of existing with newly installed energy technologies.

3.1. Energy System Scenario Description

The “Business as usual scenario” (BAU) corresponds to the current energy system of Mainau
GmbH. Scenario 1 (S1) integrates a power-to-liquid plant to generate methanol as fuel for the company’s
vehicle fleet. It uses surplus energy of a photovoltaic plant (PV) installed on the car park roof on
the nearby shore. This requirement corresponds to a constraint of an additional 870 MWh of electric
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energy (Export in Figure 2) in the optimization model. In order to operate the electrolysis continuously,
battery storage is used to compensate for the fluctuations in PV electricity generation. Scenario 2 (S2)
exclusively uses the PV potential available on the island. Scenario 3 (S3) additionally comprises the
PV potential on the car park but—in contrast to S1—without operating the power-to-liquid plant.
Table 2 summarizes the underlying potentials and constraints. The electronic supplementary material
(S3_Parameter and modeling) provides further details on capacity, generation, and full load hours per
technology and scenario.

Figure 2. Energy supply and storage technology for all scenarios (CHP = combined heat and power
plant; PV = photovoltaic plant).

Table 2. Potentials and restrictions for optimization of the case study scenarios.

Potentials/
Restrictions

Technology BAU S1 S2 S3

Potentials

Boiler, natural gas
[MWh] 2900 0 0 0

Boiler, wood chips
[MWh] 2000 26,280 26,280 26,280

Combined heat and power
plant, electricity, natural gas

[MWh] 880 880 880 880
Combined heat and power
plant, electricity, wood gas

[MWh] 600 1314 1314 1314
Photovoltaic plant

[MW] 0.054 3.17 0.23 3.22
Solarthermal

[MW] 0 0.73 0 0

Restrictions
Grid electricity not restricted restricted not restricted not restricted

Storages no battery, heat no no

Figure 2 illustrates the energy technology portfolios for the target year of t = 2050 for all scenarios
that result from cost optimization. Additionally, Figure 3 provides an overview over the system
configurations by means of Sankey diagrams for the energy flows.
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Figure 3. Sankey diagrams of the system configuration.

3.2. Life Cycle Modelling of the Energy System Scenarios

The functional unit to compare the different scenarios is the provision of 2275 MWh of electricity
and 5960 MWh of heat (space heating and hot water) per year. It corresponds to the actual energy
consumption in 2015, which the Mainau GmbH deems representative for the future. The system
boundary is cradle to grave. The inventory analysis uses the software tools Umberto and openLCA, both
relying on the database ecoinvent (v3.5, cut-off system model) for background system modeling [23].
In order to assure consistency, process parameters were, wherever possible, set to the same values as in
the optimization model (cf. Table 3: Parameterized processes). For PV plants the site-specific yield is
taken into account. The combined heat and power (CHP) plant uses a synthetic gas produced from
a wood mix harvested in the surroundings of the island. The wood chips boiler uses the same local
wood mix. Wood chips production is modeled using generic datasets. Since no wood gas-fired CHP is
available in ecoinvent v3.5 the biogas CHP (adapted with site-specific emission data) is combined with
a gasifier dataset (see SI_3_Parameter and modeling for modeling details). The allocation of impacts
for heat and electricity follows the ecoinvent approach based on exergy. The battery lifetime is set to
10 years [29]. The energy density corresponds to a common lithium battery [30]. Import electricity is
represented by the process “market for electricity, low voltage (DE)”.

Table 3. Parameterized processes.

Technology Ecoinvent 3.5 Process
Parameter

COP Energy Density Lifetime

Heat pump heat production, air-water heat
pump 10 kW 3.4 - 20

Heat pump
heat production, borehole heat

exchanger, brine-water heat
pump 10 kW

4.1 - 20

Battery storage battery production, Li-ion,
rechargeable, prismatic - 0.114 kWh/kg 10

Because of missing inventory data, the power to liquid plant is not explicitly modeled in S1.
Instead, a credit is given to the 870 MWh surplus electric energy in order to gain functional equivalency
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between S1 and the other scenarios. As the surplus energy exclusively substitutes fossil fuel combustion
in the company’s car fleet, the credit is derived from the fuel consumption and CO2 emissions of a
medium-sized diesel car. An estimated methanol production efficiency of 50% and the heating value
of diesel are assumed for credit calculation.

4. Results and Discussion

4.1. Scenario Comparison Based on the Total Environmental Impact

The application of the ENsource ESM leads to an unambiguous ranking of the energy supply
scenarios according to their total environmental impact (Figure 4). The alternative renewable scenarios
only slightly reduce the total environmental impact compared to BAU. However, this merely reflects
the fact that Mainau GmbH’s current energy system already comprises a high share of renewable
energies. To obtain a more complete picture, the renewable scenarios (including BAU) are compared
with a fictitious carbon scenario (CS), which corresponds to electricity from the German grid and
natural gas-based heat generation. Compared to CS, all renewable scenarios have a significantly lower
total environmental burden (up to 30% for S1). Furthermore, the relative share of GW in the total
environmental impact is significantly smaller in the renewable scenarios (minimum 26% for S1) than in
CS (70%). This underlines the necessity of a multi-dimensional environmental impact analysis when
comparing the renewable scenarios with each other. Contrary to the partly significant reductions
in almost all other impact categories, land use (up to a factor of 20.3 in the case of S1) and mineral
resources (up to a factor 3.2 in the case of S1) increase in all renewable scenarios compared to CS.

Figure 4. Scenario Impacts with ESM ENsource, GW = global warming, LU = land use, APP =main air
pollutants and PM, ER = energy resources, HMIW = heavy metals into water, CSIA = carcinogenic
substances into air, HMIA = heavy metals into air, WP = water pollutants, MR =mineral resources,
WR =water resources, ODP = ozone layer depletion, WTD = non-radioactive waste to deposit.

The renewable scenarios S1 and S3 have the lowest total environmental impact. The slightly more
intensive PV use, the increased usage of the wood chips boiler, and the abandonment of the natural gas
boiler in scenario S2 lead to a minor reduction in impacts compared to BAU. Scenario S1 is particularly
interesting as it leads to the strongest GHG reductions and is the only scenario that explicitly includes
the mobility sector. The following section examines which impact categories particularly contribute to
the total environmental impact.
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4.2. Comparative Analysis of Environmental Impacts

Based on the ENsource ESM, it is possible to analyze the environmental trade-offs between
different scenarios. Figure 4 shows absolute differences between the investigated scenarios compared to
BAU for the different impact categories. The global warming (GW) reduction in scenario S3 (−36.2 MEP
=mega eco-points) is mainly counteracted by increases in land use (LU, 16.2 MEP), mineral resources
(MR) and heavy metal emissions into air and other air pollutants (HMIA and APP, together +4.2 MEP),
leaving a clear net environmental benefit (−17.9 MEP). The significantly higher GW reduction in
scenario S1 (−49 MEP) is offset by correspondingly higher negative environmental impacts in other
categories: land use (LU, +19.0 MEP), mineral resources (MR, +2.7 MEP) and heavy metal emissions
(+6.3 MEP both into water and air) but also carcinogenic substances (CSIA, +3.6 MEP). Consequently,
despite the clearly better climate performance of S1 its total environmental impact (+18.8 MEP) is only
slightly lower than for scenario S3.

To better understand the adverse effects of decarbonizing Mainau GmbH’s energy supply and thus
to develop context-specific remedies, the following section takes a closer look at critical technologies
and life cycle processes that significantly contribute to the increasing impact indicators.

4.3. Hot Spot Analysis: Technologies and Life Cycle Processes

Increasing environmental impacts are mainly due to the additional technical infrastructure required
to generate and store renewable energy, which is particularly high for scenario S1 (cf. Figure 5). Precious
metals are important drivers of mineral resources (MR): Main consumers are photovoltaic cells (silver
for metallization paste), inverters (gold for circuits, copper for converter), the battery (gold for circuits),
and the CHP (platinum for catalytic converter). However, the mining and refining processes needed to
provide those metals involve other environmental impacts as well, especially heavy metal emissions
into air and water (HMIA and HMIW). The battery disposal has significant carcinogenic environmental
effects (CSIA). The wood chips boiler and the CHP (both natural and wood gas) contribute mainly to
the categories CSIA and other air pollutants (APP). In contrast, increased land use (LU) clearly results
from operating the wood chips boiler and, to a lesser extent, the wood gas CHP.

Figure 5. Absolute changes (as differences expressed in MEP = 1e6 EP) of the alternative renewable
scenarios compared to BAU, only significant changes considered: GW = global warming, LU = land
use, APP = main air pollutants and PM, ER = energy resources, HMIW = heavy metals into water,
CSIA = carcinogenic substances into air, HMIA = heavy metals into air, WP = water pollutants,
MR =mineral resources.
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5. Summary and Recommendations Concerning the Mainau GmbH

The preceding analysis shows that an increased PV use by Mainau GmbH is ecologically beneficial,
although GHG savings are partially offset by increased mineral resources and heavy metal emissions
(cf. scenario S3 in Figure 6). The inclusion of the mobility sector in scenario S1 makes sense in terms
of achieving climate neutrality. However, the continuous operation of the power to liquid system
requires a substantial increase of PV capacity, the installation of a heat storage unit, and a battery,
as well as the increased use of the wood gasifier. This leads to increases in most of the investigated
impact categories that largely offset the GW reductions from substituting fossil fuels. On the other
hand, the additional storage capacities entail a completely self-sufficient energy supply. This may
be considered an additional advantage in terms of energy systems decentralization, since necessary
system services and infrastructure are also partially decentralized. This perspective would put into
question the functional unit and system boundaries chosen to compare S1 to the other scenarios.

Figure 6. Share of energy carriers and storage technology for several impact categories, LU = land use,
CSIA = carcinogenic substances into air, MR =mineral resources, APP =main air pollutants and PM
HMIW = heavy metals into water, HMIA = heavy metals into air.

The hot spot analysis reveals the main drivers of negative environmental impacts associated with
an increased use of renewable energies: substantial increases in land use (LU), air pollutants (APP,
CSIA), and heavy metal emissions (HMIW, HMIA). The latter is closely linked to the mining activities
for raw materials for photovoltaic modules and storage technologies. Land use is increasing due to the
use of wood as an energy carrier. These are potential levers for further improving the energy system
design: e.g., by switching to CdTe cells instead of multi-silicon cells, which cause lower environmental
impacts [31] or by installing PV modules from manufacturers that use secondary raw materials or pay
attention to high environmental standards in the extraction of raw materials. For the wood gasifier
and wood chip boiler, wood waste or wood from extensive forestry use could be used.
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The present analysis suggests extending the set of considered scenarios. In particular, the
commitment to local energy production seems unnecessarily restrictive. Imported wind energy could
be a resource-saving alternative to photovoltaics. The current scenarios are based on an exclusive
cost optimization. The integration of the environmental indicators derived from the ENsource ESM
as optimization objectives or constraints could help to identify even more environmentally friendly
energy supply scenarios.

6. Conclusions and Outlook

6.1. Environmental Trade-Offs of Renewable Energy Systems

This paper presents an updated ESM for Germany, which includes mineral resource use of
renewable energy systems. From a practical point of view, the ENsource ESM quantifies environmental
trade-offs between different renewable technologies and scenarios and provides a single score for
an unambiguous environmental ranking of different options. Eco-factors that integrate external
normalization and distance-to-target weighting make different impact categories comparable in terms
of their relevance for a specific decision context. Applying the ENsource ESM to the case of a
decentralized renewable energy system confirms the increased demand for mineral resources found
by other authors [3,6]. However, it also shows that the major contribution to the total environmental
impact stems from pollutant emissions associated with the mining activities. In addition, increasing
land use due to biomass combustion is emerging as a potential problem area. The shift in importance
from mineral resources to pollutant emissions related categories and land use could be due to extending
renewable energy system analysis from electricity production to heating and cooling as well as mobility.
To explore the findings’ generalizability from the case study, the ENsource ESM could be applied to
other energy systems in Germany.

6.2. Missing Targets—Limitations and Transparency

As for other ESM [17,21], the presented environmental assessment is mainly limited by missing
legally binding, quantitative targets for some impact categories (cf. Table 1). In these cases, provisional
targets were derived in the most plausible way possible from suitable references, such as EU regulations
or directives or governmental strategy reports. However, this clearly limits the democratic legitimacy,
which is one of the most important arguments in favor of ESM in general [32]. This study suggests
nevertheless that the ESM’s mathematical simplicity makes it a particularly transparent approach that
allows for a critical reflection and, if necessary, case-specific adaptation of weights for environmental
impacts. It moreover makes it possible to involve practical decision-makers in this process by presenting
and communicating key assumptions in a structured way. In that sense, we take in the following
a closer look at the weights for heavy metal emissions and land-use, which have been identified
in the case study as the main adverse environmental effects of renewable technologies, as well as
the weight for global warming, which is without doubt particularly important and involves a legal
zero-emission target.

With regard to heavy metal emissions into water, it can be objected that the ENsource ESM does
not regionalize weights. This means that policy targets (T) and pollutant emissions (A) for the Rhine
are effectively transferred locally to the Mainau and, more questionably, in terms of representativeness,
to the entire world. The latter directly affects the validity of our results because pollutant emissions
from mining processes occur outside Germany. As environmental standards are lower in many
countries than in Germany or even do not exist (T = ∞), regionalized weights would be much smaller
or even zero. This would improve the environmental score or the investigated renewable scenarios.
However, we follow the argumentation of Frischknecht and Büsser-Knöpfel, who prefer in such cases
to apply weights derived from German environmental standards in order to prevent “environmental
dumping” [13].
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The indicator for land use in the ENsource ESM refers to land occupation. Since land occupation
is not limited by law in Germany, the corresponding weight in the eco-factor is based on a limit for land
transformation (measured in ha/a) taken from Germany’s sustainability strategy instead [26]. Other
approaches to derive the weighting in a more consistent way would be conceivable: e.g., to relate the
worldwide land use by German consumption (A) to the usable area available in Germany (T). Regarding
our results, this would tend to increase the contribution of land use to the total impact but leave the
ranking of the alternative renewable scenarios (S1, S2, and S3) unchanged. Even though methodically
appealing, this approach has been abandoned for the present study, as it lacks democratic legitimacy.

The ESM’s transparent way of defining weights is even an advantage where the legal basis is
clear. Regarding policies aimed at climate neutrality, the fundamental methodological question arises
as to how to deal sensibly with a zero-emission target. Mathematically, this leads to infinite weights
(Equation (2)) and, thus, eventually to binary weighting. As pointed out initially, there are good
reasons to refuse such a narrowing of the focus. At the same time, the practical way of dealing with this
limit within the ENsource ESM provides evidence that a strong emphasis on climate change, does not
necessarily lead to neglecting other environmental impacts.

6.3. From Decision to Policy Support

A possible approach to improving the ENsource ESM is the further development of the
provisionally derived eco-factors. However, this would contradict the basic idea of ESM, which
recommends the use of democratically legitimated target values. Rather than research, a political
process is necessary that properly involves science, civil society, and other stakeholders to discuss
and finally define such target values for different environmental pressures in a comprehensive and
consistent way. As has been pointed out before, the role of science is not to provide normative
targets [20]. Nevertheless, science can provide a transparent framework to support an informed
discussion on these targets. In that sense, the presented ENsource ESM not only aims at practical
decision-support but also at supporting such a political process for developing a consistent set of
environmental targets for the necessary transition towards a renewable and sustainable energy supply.
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