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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Comparative life cycle assessment of 
three renewable-based power plants is 
done. 

• Cases 1, 2 &3 indicate combined 
geothermal & wind, geothermal & solar, 
wind & solar. 

• Rising perovskite solar cell (PSC) life-
time reduced the environmental impact. 

• Considering PSC in an integrated power 
plant is the main novelty of this work. 

• Climate change and ozone depletion in 
wind & solar cases are lower than in 
others.  

A R T I C L E  I N F O   

Editor: Jacopo Bacenetti  

Keywords: 
Life cycle assessment 
Environmental impact 
Combined power plant 
Renewable energy 
Perovskite solar cell 

A B S T R A C T   

Integrated renewable-based power cycles should be employed to produce more sustainable electricity. This is a 
comparative life cycle assessment (LCA) of three combined power plants, encompassing: case 1 involving 
combined geothermal and wind, case 2 featuring combined geothermal and solar, and case 3 integrating wind 
and solar systems. The base case perovskite solar cell (PSC) modelling assumes a 3-year lifespan and a power 
conversion efficiency of 17 %. However, diverse scenarios are evaluated through a sensitivity assessment 
involving enhancements in lifetime and efficiency. The base case evaluation emphasizes that the phases with the 
most significant negative environmental effects which includes the drilling of geothermal wells, construction of 
wind plants, and manufacturing and installation of PSCs. The midpoint findings indicate that boosting the power 
conversion efficiency of PSC from 17 % to 35 % yields a notable decrease in environmental impact. Moreover, 
extending the lifetime from 3 to 15 years led to reduction in CO2 emissions from 0.0373 and 0.0185 kg CO2 eq/ 
kWh to 0.026 and 0.0079 kg CO2 eq/kWh in cases 2 and 3, respectively. Assessing worst and best-case scenarios 
highlights significant declines in certain impact categories. In case 3, terrestrial ecotoxicity (TE), photochemical 
oxidant formation (POF), human toxicity (HT), marine ecotoxicity (ME), and marine eutrophication (MU) saw 
reductions exceeding 88 % compared to worst-case results. The environmental effects observed in cases 2 and 3 
stem from toxicity and metal depletion, mainly linked to the PSC. Endpoint results revealed that when consid-
ering a PSC lifespan of 10 years or more, the detrimental ecosystem impacts of cases 2 and 3 become less severe 
than those of case 1. Uncertainty assessment has been done for different cases and impact categories. The study's 
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results are also novel in which it evaluated the innovative PSC technology when integrated with other renewable 
resources, contrasting it with other integrated plants.   

1. Introduction 

Global warming and climate change have become one of the most 
challenging issues in recent years and greenhouse gas emission (GHG) is 
predicted to increase by 50 % by 2050 (Cao et al., 2022). Despite the 
increasing influence of renewable technologies in the energy portfolios 
of nations, fossil resources continue to play a predominant role in the 
current energy landscape (Martín-Gamboa et al., 2018). Many re-
searchers, research institutes, companies, governments, and stake-
holders are working on clean fuel and systems to provide decarbonised 
energy for different sectors. However, reaching to net-zero goal needs 
more effort and there are many remained steps to do. One of the most 
significant parts that play a remarkable role in reaching net-zero goals is 
power generator systems. Then applying renewable energies to provide 
low-carbon energy would be one promising solution instead of using 
fossil fuels (Cucchiella et al., 2015). Besides, designing combined power 
plants using renewable energy as an energy source has been under 
attention in recent decades. 

Different renewable-based power cycles have been analysed from 
energy and economic aspects by researchers in recent decades (Afshari 
et al., 2022; Ancona et al., 2015; Ehyaei et al., 2019; Jiang et al., 2023; 
Łukasiewicz and Shamoushaki, 2022; Shamoushaki et al., 2022; Wang 
et al., 2016; Yilmaz et al., 2020). However, sustainable energy produc-
tion should be assessed by environmental sustainability evaluation. Life 
Cycle Assessment (LCA) is a useful methodology for the environmental 
sustainability assessment of different processes and technologies 
(Famiglietti et al., 2021). This study seeks to the environmental impact 
of three integrated renewable-based power plants comprising 
geothermal, wind, and solar photovoltaic (PV) systems. There is a large 
number of research that has been conducted on renewable technologies' 
environmental impact assessment. LCA analysis of stand-alone 
geothermal power plants (Cook et al., 2022; Fiaschi et al., 2021; Kjeld 
et al., 2022; McCay et al., 2019; Parisi et al., 2019), wind turbine power 
cycle (Das and Nandi, 2022; Demir and Taşkın, 2013; Mello et al., 2020; 

Vélez-Henao and Vivanco, 2021; Wang and Sun, 2012; Xu et al., 2018), 
and solar PV power generators (Ansanelli et al., 2021; Backes et al., 
2021; Fan et al., 2021; Gasa et al., 2022; Guillén-Lambea et al., 2023; 
Martin-Gorriz et al., 2021; Piemonte et al., 2011; Rabaia et al., 2021; Ye 
et al., 2023) have been done by some researchers. These evaluated solar 
PV systems are mostly conventional solar PV systems which are known 
as the first and second generations. However, in this study, we have 
considered a third-generation solar cell called perovskite solar cell (PSC) 
which is a newly emerged technology and is in the early stage of its 
development. Besides, it showed a huge potential for efficiency 
improvement in the short term. However, the use of lead in the 
manufacturing process of PSC technology can pose a significant chal-
lenge due to its toxicity (Babayigit et al., 2016). Lead exposure, whether 
in water or air, can severely impact human health, leading to chronic 
poisoning (Ding et al., 2022; Yue et al., 2023). Manufacturing different 
solar cell technologies have amalgamated some GHGs and environ-
mental impacts (Menoufi et al., 2013). That is why in recent years some 
researchers have focused on the environmental impact investigation of 
this novel technology (Ibn-Mohammed et al., 2017; Li et al., 2022; 
Okoroafor et al., 2022; Ramamurthy Rao et al., 2021). Besides, recent 
reports projected that the production cost of this system is considerably 
lower than previous conventional solar cells which makes it a more 
competitive option (Cannavale et al., 2017). 

Besides studies done on stand-alone renewable-based power cycles, 
the benefits of combined power cycles have attracted scholars to study 
the LCA analysis of integrated power plants using a renewable energy 
source. Ameri and Mohammadzadeh (Ameri and Mohammadzadeh, 
2018) conducted a comparative LCA of a combined cycle originating 
from natural gas and solar energy using OpenLCA. Their assessment 
showed that the environmental impact of the integrated solar PV com-
bined cycle in two indicators, human health, and resources damage 
categories, were lower compared with natural gas-based units, in 
contrast, ecosystem damage was lower in the natural gas combined 
cycle. LCA study of a combined heat and power cycle in a small size unit 
considering different biomass products to use instead of gas as fuel is 

Nomenclature 

A area, (m2) 
ALO agricultural land occupation 
CC climate change 
CCS carbon capture and storage 
CHP combined heat and power 
Cons construction 
CPGS coal-fired power generation system 
Eco ecosystem 
FD fossil depletion 
FE freshwater ecotoxicity 
FEU freshwater eutrophication 
HH human health 
HT human toxicity 
i insolation, (kWh/m2/year)
IC impact category 
IR ionising radiation 
ITO indium tin oxide 
LCA life cycle assessment 
M&I mounting and installation 
ME marine ecotoxicity 

MU marine eutrophication 
MD metal depletion 
NLT natural land transformation 
OD ozone depletion 
O&M operation and maintenance 
PMF particulate matter formation 
POF photochemical oxidant formation 
PR performance ratio 
PV photovoltaic 
PSC perovskite solar cell 
Res resources 
SOFC solid oxide fuel cell 
TA terrestrial acidification 
TE terrestrial ecotoxicity 
ULO urban land occupation 
y lifetime, (year)
WD water depletion 
WDL well drilling 
Greek signs 
ε energy produced, (kWh)
η efficiency, (%)
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done by Havukainen et al. (Havukainen et al., 2018). They aimed to 
evaluate the environmental performance of the district heating system 
by applying a Combined Heat and Power (CHP) system instead of using 
gas. Besides, they were looking for the environmental consequences of 
using various biomass in CHP units. Karlsdottir et al. (Karlsdottir et al., 
2020) performed geothermal (CHP) plant LCA evaluation to deeply 
understand its environmental impacts. Their analysis proved that 
geothermal systems have great potential to provide clean energy. Zahid 
Gill et al. (Zahid Gill et al., 2021) did an LCA and exergo-environmental 
assessment of a solar-based multi-production system to find the envi-
ronmental effects. They investigated the environmental behaviour of 
different components of the power plant from exergo-environmental 
point of view. 

LCA of different geothermal case studies compared with other 
technologies has been done by Zuffi et al. (Zuffi et al., 2022). They 
calculated a single score value for all geothermal cases to compare with 
other technologies. Results illustrated that for some geothermal systems, 
environmental impacts were higher than solar and wind; however, in 
others, it was in line with other renewable cycles. Alhaj et al. (Alhaj 
et al., 2022) carried out an environmental LCA analysis of a solar-based 
system coupled with a multi-effect desalination unit. Results presented 
that a majority of environmental impact was related to the operation 
phase. Also, using solar energy caused a carbon footprint decline 
compared with conventional systems. A solar PV system application to 
link with a hydrogen production unit has been studied from the envi-
ronmental point of view by Zhang et al. (Zhang et al., 2022). Four impact 
categories (ICs) were calculated for three different hydrogen production 
methods. Results revealed that among the considered systems, solar 
photothermal integrating with thermochemical water had the lowest 
environmental impacts. Besides, the highest impact was related to the 
construction of a combined system. 

In addition, some comparative LCA evaluation on different power 
generator system has been done in recent years. Kimming et al. (Kim-
ming et al., 2011) conducted a comparison of two biomass-based CHP 
power cycle based LCA methodologies. They assessed the system based 
on four different scenarios based on applying biomass on a small scale 
and fossil fuel on a large scale. A comparative LCA study on coal-fired 
power for two different types of cycles to find their performance from 
an environmental viewpoint has been carried out by Schakel et al. 
(Schakel et al., 2014). They investigated the variables which cause the 
variation in needed fuel, such as system efficiency, which is the most 
sensitive parameter. Nease and A. Adams II (Nease and Adams, 2015) 
performed a comparative LCA analysis of a coal-based intergrade solid 
oxide fuel cell (SOFC) with a combined supercritical pulverized coal and 
gasification power system. They applied midpoint and endpoint 
methods and systems with and without carbon capture units. Smith et al. 
(Smith et al., 2019) carried out a comparative study of SOFC technology 
environmental consequences based on a new and commercial configu-
ration. They examined three different structures: one that is commer-
cially available, and two others with intermediate temperature 
capabilities. These intermediate temperature structures include one 
utilizing erbia-stabilized bismuth oxide electrolytes and a suggested 
structure incorporating strontium-doped sodium bismuth titanate elec-
trolytes. The results show a transition towards lowering the operational 
temperatures of SOFCs by employing innovative material designs. 

Wang et al. (Wang et al., 2019) conducted a comparative LCA 
assessment of three stand-alone technologies (wind, hydropower, and 
nuclear) in China. They considered a cradle-to-grave boundary consid-
ering several ICs to compare. Two types of combined SOFC and CHP 
cycles coupled with thermal storage units have been compared from an 
environmental point of view by Di Florio et al. (Di Florio et al., 2021). 
They evaluate the uncertainty based on the input data of the system 
using the Monte Carlo method. Costa et al. (Costa et al., 2022) did an 
LCA and supply chain evaluation of a CHP cycle using biomass as a heat 
resource. They presented that half of the total damaging impact is 
related to the combustion and gasification phases. A comparative LCA 

assessment of three coal-fired power plants has been conducted by Dong 
et al. (Dong et al., 2022). The first system was base case coal-fired, the 
second was coupled with a carbon capture system, and the second was 
with solar PV and organic Rankine cycle (ORC). The results showed that 
based on the LCA viewpoint, a coal-fired power generation system - 
carbon capture and storage (CPGS-CCS) is the most desirable 
configuration. 

This research aims to conduct a cradle-to-operation LCA impact 
assessment of various renewable energy-based power cycles using the 
OpenLCA application (OpenLCA, n.d.). The three power systems eval-
uated are: a combination of geothermal and wind (case 1), a combina-
tion of geothermal and PSC (case 2), and a combination of PSC and wind 
power plants (case 3). All relevant data regarding material and energy 
inputs and outputs for these cases were obtained from literature and the 
ecoinvent v3.6 database (Frischknecht et al., 2005; Steubing et al., 2016; 
Wernet et al., 2016). The base case environmental impact calculations 
for all three considered power cycles have been conducted. These cal-
culations are based on the current short lifetime and efficiency of the 
PSC system. However, a sensitivity assessment is conducted to evaluate 
the environmental impact variations of the PSC unit, considering a 
longer lifetime and higher efficiency using a prospective LCA approach. 
Several scenarios were developed based on different lifetimes and effi-
ciencies of the PSC. Additionally, two new scenarios were defined to 
explore the highest assumed efficiency and lifetime, contrasting the 
environmental improvements of the integrated case 2 and case 3 against 
the base case assessment. 

The assessments conducted in the present study, combined with the 
performed literature reviews, highlight the novelty of this research. The 
literature review reveals that most previous LCA studies on renewable 
power plants have focused solely on standalone systems. Additionally, 
prior studies on integrated power cycles typically examined the coupling 
of a renewable resource with a fossil fuel-based power cycle, thereby 
maintaining a dependency on fossil fuels for the base load. However, 
there is a significant gap in research on LCA evaluations of integrated 
power cycles that combine two renewable-based power plants without 
involving any fossil fuel-based plants. The idea of considering combined 
power plants is due to the potential of integrating different technologies 
to increase the efficiency of the system by using the excess remaining 
heat of one system in running another one (DeLovato et al., 2019). To 
the best of our knowledge, no prior research has undertaken a 
comparative analysis of the three integrated systems examined here. 
Another novel aspect of this research is the technological-environmental 
assessment of integrating a PSC system with another power cycle, as 
previous studies have primarily conducted LCAs on standalone PSC 
systems. Additionally, this study introduces an innovative element by 
performing a sensitivity analysis on the lifespan and efficiency of PSC in 
an integrated system. Given the pressing issues of global warming, 
climate change, and fluctuations in fossil fuel prices, adopting renew-
able and clean technologies is crucial for providing low-carbon energy 
solutions across various sectors. Therefore, environmental evaluation of 
these technologies is essential. The worst and best scenarios are delin-
eated through prospective LCA assessment, aiming to facilitate a 
comparative environmental evaluation of cases involving PSC which has 
not been assessed in previous studies. Additionally, a heatmap table 
ranking all considered scenarios based on sustainability results, using all 
18 midpoint and 3 endpoint results, was conducted, representing 
another novel aspect of this research. 

This study's findings address the existing gaps in environmental as-
sessments of combined renewable power cycles, an area that has not 
received widespread attention from other researchers. Shifting towards 
integrated renewable-based power plants aligns with government pri-
orities aimed at reducing the carbon footprint in the electricity gener-
ation sector and diminishing reliance on polluting fuels. Moreover, this 
study pioneers the evaluation of an innovative solar-based unit com-
bined with wind and geothermal systems from an environmental 
perspective, assessing its potential for future commercialization. 
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Additionally, this study marks the first instance of evaluating the pro-
spective technological advancements of this system and their environ-
mental impacts. 

2. Methodology 

2.1. Life cycle assessment 

LCA is an applicable and popular approach to specify the environ-
mental impacts of different processes, products, and systems. The 
implementation of LCA addresses essential ecological sustainability is-
sues that are crucial for the subsequent development and expansion 
(Shamoushaki and Koh, 2023). This methodology helps identify the best 
technology from environmental criteria and performance (Arvani-
toyannis, 2008; Finkbeiner et al., 2006; Nguyen et al., 2020; Standard-
ization, 2006). The raw material and resource consumption, relevant 
production process, consumed energy, and substances emissions into 
water, air, or soil result in adverse environmental impacts of processes. 

2.2. Goal and scope definition 

The main objective of this research is to conduct a comparative 
assessment of the environmental impact throughout the life cycle of 
three integrated power generation systems based on renewable energy 
sources. It is worth noting that while the geothermal and wind tech-
nologies under consideration are more established and widely used, the 
solar cell technology being evaluated is not yet widely commercialized 
and is primarily in the developmental stages, mainly in laboratory set-
tings. Another primary purpose of this study is to assess the sensitivity of 
different lifetimes and efficiency impacts of the PSC system on the 
environmental impacts of the combined systems. 

The main aim of this research is to examine the materials used and 
energy consumed across different phases of a power plant's lifespan 
(manufacturing, operation, and maintenance (O&M)) to ascertain the 
feasibility of integration for more efficient power generation with 
reduced environmental impacts. Therefore, this study does not take into 
account variations and technical factors that can impact electricity 
generation, leading to fluctuations in its performance, in which this 
aspect is considered to be out of scope in this LCA. Due to variations in 
the operational lifetimes of each cycle, the assumption is made that 
maintenance and replacement activities are conducted over the entire 
lifespan of the integrated system. 

Also, transportation has been excluded from this study because this 
assessment focused mainly on the energy technologies aspect. Moreover, 
the installation and assembly of components are omitted from this study 
because there is insufficient data available to mitigate the uncertainty 
associated with a comparative assessment. Besides, the end-of-life phase 
is not considered because it increases the assessment uncertainty spe-
cifically for perovskite technology due to the lack of sufficient data since 
it is still far from scalable manufacturing (Kumar et al., 2024). The 
applied data in modelling and assessing all studied cases are considered 
based on the European average data. The base case modelling for PSCs is 
modelled based on 3 years of lifetime. However, other scenarios are 
considered based on higher lifetime to have a deeper insight into its 
effect on the environmental impacts. That is why the calculations for 
cases 2 and 3 have been done based on lifetimes of 5 which is named 
scenario 2, 10 which is named scenario 3, and 15 years named scenario 
4. Besides, as PSC has shown a significant enhancement in its efficiency 
in just a short period, the calculation for cases 2 and 3 are done ac-
cording to different efficiency of PSCs assuming the enhancing efficiency 
from 17 % to 35 %. 

Additionally, a comprehensive comparison of all cases is conducted, 
taking into account both the worst and best-case scenarios to gauge the 
potential reduction in environmental impact achievable through the 
advancement of PSC technology. The worst-case scenario is character-
ized by a 3-year lifespan and an efficiency of 17 %, while the best 

scenario is based on a 15-year lifespan and 35 % efficiency. Due to a lack 
of data for O&M of PSCs, this phase has been excluded from results to 
prevent the uncertainty increment. However, the mounting and instal-
lation (M&I) of the solar PV system on the structure have been consid-
ered in this analysis. The summary of considered cases and scenarios are 
presented in Table 1. 

2.3. Functional unit 

In accordance with the relevant ISO standards, any product system 
within the realm of LCA must conform to a function that signifies the 
performance characteristics of the system (Mayer et al., 2019). Func-
tional unit precisely determines the product's size and type, the life cycle 
of which is being analysed by the function quantitative definition that it 
delivers (Smith et al., 2018). The functional unit for all considered 
combined power systems is 1 kWh of electricity generated. The supposed 
lifetime of each technology is different. The expected lifespans for the 
geothermal, wind, and solar PV systems are set at 30, 25, and 3 years, 
respectively. In order to conduct a meaningful comparison of these three 
power cycles, the environmental impact is assessed per 1 kWh of elec-
tricity generated from each combined system. The functional unit for 
solar system is based on alternating current (AC) electricity. The 
contribution portion of each combined cycle is considered based on each 
single power system's capacity. Because the capacity of a power plant 
has a direct impact on applied material and used energy for its operation 
as well as the O&M phase. 

2.4. Data inventory 

Data inventory is one of the most important stages of the LCA 
assessment of different systems. Gathering reliable and accurate data 
would be a challenging part of the study. In this research, the input and 
output of raw material, energy, and emission within the system 
boundary have been collected from available literature reviews (for 
geothermal systems (Gkousis et al., 2022; Zuffi et al., 2022), solar (Gong 
et al., 2015; Rao et al., 2021) and for wind (Angelakoglou et al., 2014)) 
and the ecoinvent v3.6 database. An inventory of data related to all 
considered cases has been included in Tables S1–S3 in the Supplemen-
tary Information. 

2.4.1. Configuration description and assumptions 
In this study, three combined power plants have been analysed from 

Table 1 
Summary of considered cases and scenarios.  

Case study Configuration Lifetime (year) PSC 
efficiency Geo Wind PSC 

Case 1 Combined geothermal 
& wind 

30 25 – 17 % 

Case 2 Combined geothermal 
& PSC 

30 – 3 17 % 

Case 3 Combined PSC & wind – 25 3 17 % 
Case 2 - 

scenario 1 
Combined geothermal 
& PSC 

30 – 3 17 % 

Case 2 - 
scenario 2 

Combined geothermal 
& PSC 

30 – 5 17 % 

Case 2 - 
scenario 3 

Combined geothermal 
& PSC 

30 – 10 17 % 

Case 2 - 
scenario 4 

Combined geothermal 
& PSC 

30 – 15 17 % 

Case 3 - 
scenario 1 

Combined PSC & wind – 25 3 17 % 

Case 3 - 
scenario 2 

Combined PSC & wind – 25 5 17 % 

Case 3 - 
scenario 3 

Combined PSC & wind – 25 10 17 % 

Case 3 - 
scenario 4 

Combined PSC & wind – 25 15 17 %  
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an environmental point of view. The first power cycle which is named 
case 1 is an integration of geothermal and wind power systems. Cases 2 
and 3 are combined geothermal and solar PV and wind and solar PV 
power cycles, respectively. This research aims to evaluate the environ-
mental viability of combining two renewable sources for the production 
of low-carbon electricity, with a focus on examining their environmental 
implications throughout their operational lifespan. The study does not 
address challenges related to intermittency or other factors impacting 
the performance of solar and wind units. Instead, the primary focus of 
this research revolves around examining the environmental impact of 
integrated plants throughout their lifespan. Nevertheless, the assess-
ment takes into account the capacity factor of each technology, recog-
nizing that the potential of individual stand-alone systems varies based 
on their specific features. The storage system has not been considered for 
these systems. The specific details of each power cycle are outlined 
below. 

Geothermal power plants commonly produce surplus heat, which 
can be harnessed in a secondary cycle to enhance overall energy effec-
tiveness (DeLovato et al., 2019). Employing this excess heat not only 
boosts the efficiency of geothermal power plants but also aligns with 
environmental considerations by optimizing energy extraction from 
geothermal resources. Typically, the recovery and reutilization of this 
heat involve the installation of a heat exchanger in the reinjection 
stream before reinjection well. The heat exchanger has the capability to 
transfer heat, thereby elevating the enthalpy of another fluid for appli-
cation in another coupled cycle (Shamoushaki et al., 2021). In our study, 
two scenarios (Case 1 and Case 2) focus on a geothermal cycle as the 
primary system, utilizing its excess heat in another interconnected cycle. 
In contrast, solar and wind turbine systems generally do not produce 
significant excess heat, but integrating them has unique benefits as their 
power generation is complementary, functioning efficiently at different 
times (Wu et al., 2022a). These combined technologies could be located 
on the same site or different sites depending on the geological and 
specific features of the region. However, as combined systems could 
generate more efficient energy, they are a great option to generate more 
power with higher productivity. 

There are some limitations in the defined scenarios, as the selected 
lifespans and efficiencies might not encompass the full spectrum of po-
tential future advancements in PSC technology. The environmental 
evaluation focuses on specific combinations of renewable sources, which 
may neglect other possible configurations or regional variations in 
resource availability and technological integration. Furthermore, the 
study does not consider economic factors, potential technological ad-
vancements, or policy shifts that might influence the viability and up-
take of these renewable energy systems. 

2.4.2. Geothermal system 
Geothermal energy is one of the most promising renewable resources 

which has outstanding features compared with other clean resources. 
The considered geothermal power cycle in this study is a binary power 
cycle which is a simplified configuration and related energy, mass, and 
emission data are collected from the literature. The data related to 
power plant construction is gathered from ref. (Zuffi et al., 2022). The 
geothermal system data is supposed to be based on average data from 
European geothermal case study. Then the data applied for environ-
mental assessment in both equipment construction and well drilling are 
based on collected data from geothermal cases in European countries 
(Zuffi et al., 2022). The main components of considered geothermal 
power plants are steam turbine, condenser, pump, regenerative heat 
exchanger, and evaporator. The geofluid flows into the primary heat 
exchanger at a temperature of 180 degrees Celsius and under atmo-
spheric pressure. The high enthalpy vapor powers the turbine, produc-
ing electricity. The ORC fluid then passes through a regenerator to warm 
it before reaching the primary heat exchanger. Next, it moves into the 
condenser, where it cools and transitions into a saturated liquid state. 
Maximizing efficiency involves integrating other cycles with a 

geothermal plant, enabling the capture of residual heat before reinjec-
tion and ensuring the most effective use of available resources. It has 
been assumed that this power plant produces 10 MW of electricity. It is 
assumed that pressure losses in cycle components and piping are 
negligible. Besides, the data of well drilling, operation and maintenance 
(O&M), building construction, and direct emissions has been applied 
from ref. (Gkousis et al., 2022; Heberle et al., 2016). For the O&M stage, 
some consuming materials such as lubricating oil and working fluid 
leakage have been considered. The considered working fluid for the 
organic Rankine cycle is R134a. Two production wells and one rein-
jection well are supposed for this plant. The wells are designed to have 
3000 m depth. 

2.4.3. Wind turbine system 
Wind power plant is asserted as one of the most environmentally 

friendly power generator technologies as wind turbine does not have 
any direct emission during the operation, however, they have some 
environmental impact during the construction and O&M (Wang and 
Sun, 2012). The Vestas 3 MW wind turbine served as the benchmark in 
this study due to its widespread utilization and accessibility of data. The 
considered wind power system is comprised of a rotor, nacelle, tower, 
and foundation. The rotor comprises two to three blades and a central 
hub that connects the blades to the rotational shaft. The specification of 
the studied wind turbine is brought in Table 2 (Angelakoglou et al., 
2014). This wind turbine is designed for land installation or onshore 
application. For life cycle modelling, power plant construction and 
operation and maintenance of power plants have been considered. The 
data relating to energy and material applied in modelling and turbine 
specification have been gathered from ref. (Angelakoglou et al., 2014). 
The power mentioned in this table is based on nominal power.1 

2.4.4. Perovskite solar system 
PSC shows great promise in meeting energy demands more afford-

ably and efficiently compared to other solar technologies. PSC utilizes a 
light-harvesting active layer that consists of a perovskite-structured 
compound, which can be based on tin halides or organic-inorganic 
lead. There are two primary designs for PSCs, namely mesoscopic and 
planar architectures (Ibn-Mohammed et al., 2017). This new system has 
not been commercialized as it needs to be improved from different as-
pects such as short lifetime. The power conversion efficiency of this 
system has had significant development in a short period, from 3.8 % up 
to 25 % only after a decade (Ahmed et al., 2023). It is crucial to conduct 
assessments of the environmental impact and sustainability of any new 
technology prior to its commercialization. In this study, we have 

Table 2 
Specification of studied wind turbine (Angelakoglou et al., 2014).  

Parameter Unit Value 
Nominal power MW 3 
Average wind speed m/s 6 
Tower height m 85 
Working voltage kV 10–35 
Frequency Hz 50/60 
Working speed m/s 3.5–25 
Rotor diameter M 90  

1 Nominal capacity, often referred to as nameplate capacity, signifies the 
theoretical maximum power output that a power cycle is designed to achieve 
under ideal conditions. It serves as a crucial parameter in the initial design and 
engineering stages, providing a standardized reference point for the system's 
potential. On the other hand, average capacity represents the observed power 
output over a specified operational period, accounting for real-world factors 
such as variations in operating conditions, maintenance downtime, and other 
practical constraints. 
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evaluated zinc oxide (ZnO) perovskite, a material characterized by its 
straightforward synthesis and remarkable electrical properties, 
including high charge mobility. ZnO-based perovskite solar cells can 
achieve up to 20.6 % efficiency by using self-assembled monolayers to 
enhance energy alignment, film quality, and reduce defects (Wu et al., 
2022b). ZnO demonstrates high transparency within the visible light 
spectrum and possesses a refractive index of roughly 2.1. ZnO showcases 
electron mobility ranging from 205 to 300 cm2

⋅V⋅s−1 and an electron 
diffusion coefficient of 1.7 × 10−4 cm2

⋅s−1, significantly surpassing 
those of TiO₂. It possesses advantageous characteristics for PSCs. ZnO 
exhibits a conducive energy level arrangement, with its conduction band 
minimum (CBM) situated approximately at −4.17 eV, accompanied by a 
bandgap of 3.2 eV (Qiu et al., 2022). 

The data related to material and energy applied in zinc oxide 
perovskite cells and data related to the mounting system on the struc-
tures have been collected from refs. (Gong et al., 2015; Rao et al., 2021). 

The applied formula to calculate the area for considered functional 
unit is as follows: 

A =
ε

η.I.y.PR (1) 

In the above correlation, A, ε, η, I, y and PR are cell area (m2), energy 
produced (kWh), cell efficiency (%), insolation value (kWh/m2/year), 
cell lifetime (year) and performance ratio, respectively. Insolation value 
may vary from region to region according to sunlight value and angle. In 
this study, insolation is supposed to be 1100 kWh/m2/year which is 
typical value related to central Europe (Monteiro Lunardi et al., 2017). 
Also, efficiency of the cell and performance ratio are assumed to be 17 % 
and 0.75, respectively (Monteiro Lunardi et al., 2017). Furthermore, the 
active area ratio is 70.0 %, and the module efficiency is 11 % (Gong 
et al., 2015). 

2.5. Life cycle impact assessment 

In the present study, both midpoint and endpoint methods have been 
applied using OpenLCA 1.11.0 (OpenLCA, n.d.). The midpoint-level 
characterisation factors happen along with the impact pathway, how-
ever, the endpoint-level characterisation factors are relevant to the 
quality of the ecosystem, resource shortage, and human health (Smith 
et al., 2023). The ReCiPe midpoint has been selected to calculate 18 ICs, 
and the ReCiPe endpoint has been chosen to obtain three main impacts 
such as ecosystem, human health, and resources. 

2.6. Data assessment 

Data quality assessment which is a vital procedure is conducted to 
ensure the data's accuracy, reliability, and relevance in this study. The 
collected data is assessed against key criteria such as reliability, 
completeness, temporal relevance, geographical relevance, and tech-
nological relevance. It is essential to ensure that the collected data is 
consistent across various life cycle stages and between different data 
points to guarantee that comparisons and aggregations are meaningful 
and reliable. This thorough evaluation enhances the transparency and 
robustness of the LCA. A summary of the implemented methodology is 
presented in Table 3. 

3. Results and discussion 

This study undertakes a comparative LCA to explore the environ-
mental implications of three integrated renewable power generation 
systems. This section presents both midpoint and endpoint results. 
Examining both midpoint and endpoint results is crucial as it offers a 
holistic perspective on the environmental performance of the integrated 
systems. Midpoint assessments track the systems' ongoing progress and 
performance, offering insights into their alignment with objectives. On 
the other hand, endpoint evaluations provide a glimpse into the ultimate 

outcomes and success of the systems. 

3.1. Midpoint impact results 

3.1.1. Comparison by phases contribution 
Fig. 1 illustrates the environmental impact of various stages in case 1 

using the midpoint method. The results indicate that, in most ICs, 
geothermal well drilling has the most significant negative influence 
when compared to other stages, with the exception of two impacts: 
climate change (CC) and ozone depletion (OD). The primary factor 
contributing to the adverse effects of well drilling is the consumption of 
diesel fuel to power the machinery (Xia et al., 2021). In the case of CC 
and OD impacts, the O&M related to the geothermal cycle are respon-
sible for the most substantial negative impact, accounting for approxi-
mately 46 % and 82 % of the total impacts, respectively. The climate 
change impact primarily arises from direct emissions occurring during 
the operation of the power plant, specifically from the binary system. OD 
is primarily caused by the organic working fluid used and potential 
leakage in the ORC cycle over the power plant's lifespan. For the wind 

Table 3 
Summary of applied methodology.  

Item Information 
Goal and scope  • A comparative assessment of the environmental 

impact throughout the life cycle of three integrated 
power generation systems based on renewable energy 
sources  

• Sensitivity assessment of different lifetimes and 
efficiency impacts of the PSC system on the 
environmental impacts of the combined systems 

Studied technologies  • Combined geothermal & wind power plant  
• Combined geothermal & PSC power plant  
• Combined PSC & wind power plant 

Functional unit 1 kWh of electricity generated 
System boundary Cradle-to-operation 
Software OpenLCA v1.11.0 
Gathered data Secondary data (literature and ecoinvent) 
Chosen impact categories 18 midpoints, 3 endpoints 
Life cycle impact 

assessment method 
ReCiPe (midpoint and endpoint) 

Uncertainty assessment Monte Carlo  

Fig. 1. Environmental impact contribution of different phases for case 1, (G 
refers to geothermal, WDL refers to well drilling, W refers to wind, Cons refers 
to construction and O&M stands for operation and maintenance). 
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power cycle, the O&M phase has a greater adverse impact in four cat-
egories when compared to other phases: freshwater ecotoxicity (FE), 
freshwater eutrophication (FEU), human toxicity (HT), and marine 
ecotoxicity (ME). These impacts are primarily linked to the use of cop-
per, steel, and aluminium, which are the main materials employed in 
this phase. 

Besides, the construction of wind power units has the highest impact 
after geothermal well drilling in most impact categories. The primary 
driver of this adverse effect during the construction of wind units can be 
attributed to the manufacturing of nacelles and towers, primarily due to 
the use of copper and steel. It's important to note that the utilization of 
copper also results in negative impacts, particularly in terms of fresh-
water and marine resource toxicity (Demir and Taşkın, 2013). However, 
the construction of a geothermal power cycle has a minor environmental 
impact on all ICs. In general, it can be found that most environmental 
consequences of case 1 in all categories are relevant to geothermal well 
drilling and wind power cycle construction. 

Fig. 2 illustrates the environmental impact portion for each phase of 
case 2 which is a combined geothermal and solar PV power cycle based 
on 3 years of PSC lifetime. Results proved that the geothermal con-
struction phase has an insignificant impact compared with other phases. 
The highest geothermal plant construction impact is related to metal 
depletion which is around 5 % of the total impact and mainly due to 
consumed metals for equipment manufacturing. Based on the displayed 
plot, it is visible that the phases with considerable impacts are 
geothermal well drilling, PSC manufacturing, and M&I parts. PSC 
manufacturing has a huge adverse environmental impact in five cate-
gories (marine eutrophication (MU), metal depletion (MD), particulate 
matter formation (PMF), photochemical oxidant formation (POF), and 
terrestrial ecotoxicity (TE)) which proves the toxicity problem of this 
system. Besides, MD impact is another major consequence of the PSC 
system which is mainly related to zinc applied in the electron-transport 

layer, silver in the back electrode and indium tin oxide (ITO) applied in 
the substrate. Silver used in cathode has a significant impact on fresh-
water ecotoxicity (FE), and ME (Gong et al., 2015). PSC manufacturing's 
least impact is in CC (around 13 %) and OD (less than 2 %). 

However, the M&I phase also plays a significant role in the damaging 
impact of the solar PV power cycle, in which the highest impact of this 
phase is ME which is approximately 58 % of the total impact and mainly 
due to aluminium and steel applied. In addition, well drilling is one of 
the main factors of environmental damage for all ICs. Besides, the O&M 
phase of the geothermal unit has a huge impact on OD and another 
considerable impact of this phase is clear in the CC category which is 
caused by non-condensable gases in brine and relevant emissions during 
plant operation (Zuffi et al., 2022). 

Fig. 3 displays the percentage of environmental impacts of case 3 
based on three years of PSC lifetime. From this bar graph, it can be found 
that the environmental impact of the solar unit in all ICs is higher than 
the wind turbine power cycle. The values of six ICs, HT, ME, MU, PMF, 
POF, and TE, together account for approximately 90 % of the total 
impact attributed to the PSC manufacturing process. POF is primarily 
induced using ITO, while PMF is chiefly driven by the electron-transport 
layer (58 %) and certain materials like zinc, in addition to the substrate 
(25 %). Besides, silver has negative impacts on ME and MU (Gong et al., 
2015). In these six categories, the impact of wind units is negligible. 
Among all four shown phases in this graph, the O&M of the wind turbine 
system has the lowest negative environmental impacts. The M&I phase 
of PSC is another main cause of environmental degradation. This phase 
has a significant influence on CC and other ICs which is mainly due to 
the implementation of heavy metals such as steel and aluminium (Rao 
et al., 2021). The M&I is the source of 50 % of environmental problems. 
The highest M&I effect is on water depletion (WD) which is the reason 
for more than 50 % of total impacts. Also, the least impact caused by PSC 
manufacturing is for WD. 

Fig. 2. Environmental impact contribution of different phases of case 2 (based on 3 years of PSC lifetime), (G refers to geothermal, WDL refers to well drilling, PSC 
refers to perovskite solar cell, Cons refer to construction, Manu refers to manufacturing, O&M stands for operation and maintenance and M&I refers to mounting and 
installation). 
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3.1.2. Comparison by cases and scenarios: sensitivity analysis 
As it has been mentioned before, different scenarios based on a 

different lifetime of the PSC system are considered in this study. The 
environmental adverse percentage of different scenarios of case 2 has 
been presented in Fig. 4. Considering longer lifetime for the PSC system 
results in decreasing the environmental damages of the PSC and 
generally in the entire combined power plant. However, the reduction of 
the consequences for the two considered phases of the PSC power cycle 
is different. Results showed that considering a longer lifetime for PSC 
higher than 10 years will have a remarkable effect on the ecological 
impacts of this system. However, the lowest diminish occurred for MU 

and PMF which are around 10 and 8 % which shows other interventions 
such as material replacement should be considered to reduce these im-
pacts. An illustrative case of this modest reduction is seen in the use of 
zinc in the electron-transport layer and ITO in the substrate, which are 
the primary contributors to PMT. However, the extension of the PSC's 
lifetime could not fully offset the negative impacts of these elements. 
The findings indicate a significant reduction in the environmental 
damage associated with PSC manufacturing when a longer lifetime is 
considered. For instance, in twelve out of eighteen impact categories, 
the adverse effects of PSC manufacturing account for less than 15 % of 
the total detrimental impacts of the combined cycle. This underscores 
the substantial environmental potential of PSC systems when technology 
and lifespan are enhanced. 

According to the illustrated results in Fig. 5, the damaging conse-
quences of the PSC unit have had a significant decline in some ICs by 
developing its lifetime from 3 to 15 years. This plot is showing the 
environmental impacts of different phases of the case 3. In this combined 
plant, HT is a challenging problem arising from the PSC manufacturing 
process which is mainly due to applying some toxic materials like lead 
(Ren et al., 2022). The portion of PSC manufacturing just has had an 8 % 
decrease in HT from the first scenario to the fourth. Besides, some other 
categories such as ME, MU, MD, PMF, POF, and TE still have a high 
portion despite increasing the lifetime. A majority part of toxicity issues 
and formation challenges come from direct emissions (19 %), hole 
transport layer deposition, and specifically Spiro-MeOTAD (29 %), ITO 
(14 %), and electricity (6 %) (Ibn-Mohammed et al., 2017). It should not 
be overlooked that some other ICs have a slight portion in longer lifetime 
scenarios such as agricultural land occupation (ALO), CC, fossil deple-
tion (FD), FE, FEU, ionising radiation (IR), natural land transformation 
(NLT), TA, ULO, and WD. The most significant IC decline is achieved in 
CC, FD, NLT, terrestrial acidification (TA), WD, OD, FE, FEU, and ULO 
with around 35 to 40 %. However, toxicity, metal depletion, and par-
ticulate and photochemical matter formations are the main causes of 
environmental impacts of PSC units. The proportion of impacts attrib-
utable to the wind turbine cycle in this integrated system has increased 
as the PSC lifetime has been extended. Overall, in this combined cycle, in 
scenario 1, less than 36 % of the total impacts across all categories are 
associated with the wind unit. However, with the improvement in the 

Fig. 3. Environmental impact contribution of different phases of case 3 (based 
on 3 years of PSC lifetime), (W refer to wind, PSC refers to perovskite solar cell, 
Cons refer to construction, Manu refers to manufacturing, O&M stands for 
operation and maintenance and M&I refers to mounting and installation). 

Fig. 4. Environmental adverse percentage of case 2 for all scenarios (a) scenario 1 (PSC lifetime of 3 years), (b) scenario 2 (PSC lifetime of 5 years), (c) scenario 3 
(PSC lifetime of 10 years), (d) scenario 4 (PSC lifetime of 15 years). 
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PSC lifetime, extending up to 15 years, in half of the impact categories, 
the wind unit contributes to over 50 % of the total detrimental impacts. 
It's important to note that the impact of the wind turbine on two cate-
gories, namely HT and ME, has remained insignificant, accounting for 
less than 8 % of the total impacts in all scenarios. 

3.1.2.1. PSC lifetime. Fig. 6 compares various ICs of all three cases 
based on different scenarios. According to these bar graphs, it is visible 
that developing the PSC technology results in diminishing the environ-
mental impacts of cases 2 and 3 which include PSC system, however, the 
decrement amount varies for different ICs, so that in some ICs it has a 
remarkable reduction, and in some others lower diminish. Besides, these 
graphs give a comparable holistic view of each case's effect on ICs var-
iations. In some cases, the amount of a specific IC even for scenarios 3 
and 4 is still higher than in case 1, for instance, however, in some others, 
both or one of them has lower impacts. 

One noteworthy distinction lies in the category of OD, where the 
value for case 3 (1.9 × 10−9 kg CFC-11 eq/kWh) is considerably lower 
than the other two cases which are 4.93 × 10−8 and 5.1 × 10−8 kg CFC- 
11 eq/kWh for case 1 and 2, respectively. It's important to highlight that 
the reduction in case 2 remained insubstantial, primarily due to the 
impact of the geothermal plant, specifically in its O&M phase, and the 
utilization of organic working fluids. In cases 1 and 2, the primary 
dominant factors contributing to OD are direct emissions from the 
geothermal plant and the impact of organic working fluids. Conversely, 
in some ICs, such as HT, ME, POF, and TE, the impact of case 3 is much 
higher than in two other cases. As has been mentioned before, due to the 
toxicity issue of PSC and relevant applied material in its manufacturing. 
Nonetheless, it's worth noting that in scenario 4, these values have 
decreased to less than a third compared to the base case (scenario 1), 
indicating a significant reduction. The underlying reasons for these 
differences vary for each impact category. For ME, the electron and hole- 
transport layers play a significant role, while the substrate and its 
associated emissions are the primary drivers of POF. In the case of TE, in 
PSC, and in case 3, the hole-transport layer and substrate are the most 
dominant factors. For case 3, the TE value in the base case assessment is 
0.00143 kg 1,4-dB eq/kWh. When the lifetime is extended to 15 years, 
this value decreases to 0.00029 kg 1,4-dB eq/kWh. Despite this 
improvement, it remains significantly higher than the TE values for 
cases 1 and 2. In general, some key elements, such as CC and OD, exhibit 
lower values for cases 2 and 3 in scenarios 3 and 4 compared to the other 
cases. Conversely, they have notable implications in terms of toxicity 
and metal depletion. More details are elaborated in Figs. S1–S2 in the 
supplementary information. 

3.1.2.2. PSC efficiency. To have a wider insight regarding the influence 
of PSC technological improvement, the effect of enhancing the efficiency 
of this system has been compared for all cases in Fig. 7. Here, the idea of 
this analysis is to see how much positive impact can be achieved with 
efficiency improvement of the PSC from 17 % up to 35 %. The efficiency 
of geothermal and wind systems has been considered constant in this 
assessment because the considered technologies for these two systems in 
this research have been studied for decades and maybe a significant 
increase may not occur in the near future, however, as the PSC system is 
under the development and in a short period showed huge potential in 
efficiency improvement, the possibility of its development considered in 
this evaluation. The achieved results showed that enhancing the effi-
ciency to 35 % could have a considerable positive effect on reducing the 
environmental impacts. The most significant reduction is observed in 
MD for cases 2 and 3, where it decreases from 1.794 and 1.802 kg Fe eq/ 
kWh at 17 % efficiency to 0.489 and 0.491 kg Fe eq/kWh at 35 % effi-
ciency, respectively. These results are compatible with the obtained 
consequences from other research which showed the dependency of the 
environmental impact of PSC on the efficiency of conversion (Zhang 
et al., 2017). Normalised environmental impacts for all ICs and cases can 
be found in Fig. S3 in the supplementary information. Nevertheless, 
based on these charts, it becomes evident that the increase in lifetime 
has a more significant effect on the rise in environmental impact 
compared to the development of efficiency. A more influential inter-
vention is considering enhancement in both lifetime and efficiency. 

3.1.3. Best and worst-case results 
To gain a more insightful understanding of how technological ad-

vancements impact PSC technology, we have established both a best- 
case and worst-case scenario. The worst-case scenario is determined 
by assuming an efficiency of 17 % and a PSC system lifetime of 3 years. 
This calculation represents our base case, rooted in the typical available 
lab-scale capacity for PSC technology. In the best-case scenario, we 
simultaneously consider improvements in both the efficiency and the 
lifetime of PSC technology to assess their combined effect on the envi-
ronmental performance of this system. In the best scenario, we antici-
pate an efficiency of 35 % and a lifespan of 15 years. Fig. 8 illustrates the 
decline in environmental impacts for cases 2 and 3 under both the worst 
and best-case scenarios, as depicted by the endpoint results. These 
findings demonstrate that the reduction in impact is greater in case 2 
compared to case 3, with the most substantial difference observed in the 
ecosystem impact, amounting to 42 %, while the smallest variation 
concerns resources, with only a 1 % decrease. The main reason for the 
lesser reduction in ecosystem impact in case 3 is the detrimental impact 

Fig. 5. Environmental adverse percentage of case 3 for all scenarios (a) scenario 1 (PSC lifetime of 3 years), (b) scenario 2 (PSC lifetime of 5 years), (c) scenario 3 
(PSC lifetime of 10 years), (d) scenario 4 (PSC lifetime of 15 years). 
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Fig. 6. Impact categories comparison for all cases and scenarios, (a) climate change, (b) fossil depletion, (c) ozone depletion, (d) freshwater ecotoxicity, (e) 
freshwater eutrophication, (f) terrestrial acidification, (g) water depletion, (h) agricultural land occupation, (i) human toxicity, (j) ionising radiation, (k) marine 
ecotoxicity, (l) marine eutrophication, (m) natural land transformation, (n) metal depletion, (o) particulate matter formation, (p) photochemical oxidant formation, 
(q) terrestrial ecotoxicity, (r) urban land occupation. 
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Fig. 7. Impact categories comparison for all cases based on different PSC efficiencies, (a) climate change, (b) fossil depletion, (c) ozone depletion, (d) freshwater 
ecotoxicity, (e) freshwater eutrophication, (f) terrestrial acidification, (g) water depletion, (h) agricultural land occupation, (i) human toxicity, (j) ionising radiation, 
(k) marine ecotoxicity, (l) marine eutrophication, (m) natural land transformation, (n) metal depletion, (o) particulate matter formation, (p) photochemical oxidant 
formation, (q) terrestrial ecotoxicity, (r) urban land occupation. 
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of the PSC system, primarily due to the use of toxic materials such as 
lead. Additionally, the impact of the various phases of the PSC system 
takes precedence over the wind turbine plants in this integrated power 
cycle. Nevertheless, the results underscore the significant environmental 
impact of developing PSC technology and its capacity, both as a stand- 
alone system and within an integrated system. The harmful environ-
mental impact decrement considering the best-case scenario based on 
the midpoint method is presented in the supplementary information (see 
Fig. S4). 

3.2. Endpoint impact results 

Fig. 9 depicts the environmental impacts of all considered cases ac-
cording to different scenarios and endpoint methods. The obtained re-
sults showed that increasing the PSC lifespan has had a positive impact 
on cases 2 and 3 combined cycles' environmental performance. Base case 
results illustrate that for all three ICs, case 1 has lower impacts compared 

to the two others. The most significant difference is in resources, so the 
case 1 value (0.00066 $/kWh) is insignificant compared with the two 
other cases (0.11987 for case 2 and 0.11998 $/kWh). Enhancing the 
lifetime significantly reduces the impact in cases 2 and 3. For a 15-year 
lifetime, case 2 has a resource impact of 0.044397 $/kWh, and case 3 has 
0.04408 $/kWh. However, these values are still notably higher than 
those for case 1. The findings reveal that when considering a PSC life-
time of 10 years or more, the detrimental ecosystem impacts of cases 2 
and 3 become less severe than those in case 1 (2.606 × 10−10 for case 2 
and 1.7 × 10−10 for case 3 for the lifetime of 10 years and 2.462 × 10−10 

species.yr/kWh for case 2 and 1.33 × 10−10 species.yr/kWh for case 3 
for the lifetime of 15 years). In fact, for cases 2 and 3, assuming a 15-year 
PSC lifetime, the ecosystem impact is reduced to less than a quarter and 
a third, respectively, in comparison to the base case value. The main 
drivers behind the reduction in environmental impacts for cases 2 and 3 
are the decrease in the M&I phase by approximately 50 % and encap-
sulation by 11 % in the fourth scenario, compared to the base case. 
Significantly, the most notable decrease is observed in the PMF impact 
for case 3 when assuming a 15-year PSC lifetime, which registers 
approximately an 80 % decrease compared to the base case. This 
considerable reduction primarily stems from decreases in the electron- 
transport layer (44 %) and substrate (28 %). Furthermore, in the 
fourth scenario, the HH impact for case 2 is approximately 72 % lower 
than in the base case (which reduced to 1.283 × 10−7 species.yr/kWh). 
However, the reduction in HT is comparatively minor in contrast to the 
decline in PMF. Nevertheless, it is noteworthy that the values for the 
fourth scenario remain higher than those observed in case 1. 

The percentage of each ecosystem IC based on endpoint results has 
been displayed in Fig. 10. Based on the obtained results, CC is the main 
cause of ecosystem damaging impact in cases 1 and 2. However, in case 
3, in addition to CC, TA is another main contributor to ecosystem 
problems. Expanding the PSC lifetime in case 3 causes an increase in the 
CC portion and a decrease in TA. It should be mentioned that the portion 
of TE, FE, FEU, ALO, and ME ICs is negligible compared with others. The 
impact portions for human health and resources are presented in the 
supplementary information (see Figs. S5–S6). 

Both midpoint and endpoint results are presented in this study due to 
several reasons. Firstly, from the goal domain, midpoint results 
concentrate on granular environmental indicators (mentioned 18 ICs), 
whereas endpoint results offer a more cumulative and interconnected 
perspective. Midpoint results are geared towards a technical audience, 
such as experts and researchers, whereas endpoint results are commonly 
employed in communication with non-experts, policymakers, and the 
public which means the different audiences of these two methods. 

Fig. 8. Damaging environmental impact reduction based on the best and worst- 
case scenarios according to the endpoint method (Case 1 is not represented in 
these graphs due to the absence of a PSC unit. Consequently, there was no 
observed reduction resulting from enhancements in the lifetime or efficiency 
of PSCs.) 

Fig. 9. (a) Ecosystem, (b) human health, and (c) resources impacts values for all cases and scenarios based on endpoint results.  
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Midpoint results aid in pinpointing environmental stressors, whereas 
endpoint results provide an understanding of the comprehensive impact 
on human and ecological systems. Endpoint results convert midpoint 
indicators into potential consequences for human health, ecosystems, 
and resources, offering a closer alignment with actual effects and im-
plications for quality of life. It should be considered while midpoint 
results furnish detailed information regarding environmental categories, 
endpoint results provide a more encompassing comprehension of the 
power plant's impact by translating these indicators into potential effects 
on both people and the environment. This added layer of information 
enhances the understanding of the real-world implications and provides 
a more holistic assessment of the power plant's overall impact, making 
the analysis more meaningful. Besides, the decision to opt for either 
power plant endpoint or midpoint methods carries significant conse-
quences for decision-makers. Midpoint methods provide a more detailed 
insight into the environmental impacts linked to power generation, 
allowing for precise interventions at the source. Conversely, endpoint 
methods offer a more inclusive perspective, enabling a holistic evalua-
tion of a product or process. The choice between these methods should 
be guided by the assessment's goals and the desired level of detail 
necessary for informed decision-making. Both sets of results contribute 
significantly to a comprehensive LCA which comprises a wider range of 
decision makers. 

Tables 4 and 5 present the heatmap of obtained results for all cases 
and scenarios based on midpoint and endpoint methods respectively. 
These tables use a color-coded system, with varying shades of green and 
corresponding numbers ranging from 1 to 5. In this scheme, dark green 
(labelled as 5) represents the most environmentally sustainable option, 

while light green (labelled as 1) signifies a less environmentally friendly 
option. Therefore, as the number decreases from 5 to 1 and the color 
shifts from darker to lighter green, the environmental impact increases. 
These tables offer a quick and easily interpretable overview of the 
environmental performance of all the systems under consideration. 
Table 4 shows that on the left-hand side of the table, which is related to 
longer PSC lifetimes, the table is darker which proves their sustain-
ability. In Table 5, case 1 exhibits a better sustainability scenario in 
terms of human health and resource impacts. In scenarios 3 and 4, where 
longer system lifetimes are considered, cases 3 and 2 emerge as more 
sustainable choices in comparison to case 1. 

3.3. Uncertainty assessment 

Monte Carlo simulation is utilized to evaluate uncertainty within this 
study. The analysis considers various uncertainty parameters, such as 
material and energy data (variations in raw material and energy quan-
tities and sources across different phases), emission factors (un-
certainties in factors related to emissions from various processes), and 
operational aspects (variations in operational conditions and mainte-
nance needs). Rather than using fixed values, probability distributions 
are employed to define input data for the LCA, accommodating these 
uncertainties and yielding a spectrum of potential outcomes. Fig. 11 
displays the uncertainty of ICs based on the midpoint method. The 
magnitude of the error varies across different cases and impact cate-
gories, but, in general, it remains below 15 %. The error bars for 
different cases based on the endpoint results are presented in the sup-
plementary information (see Fig. S7). The results from these 

Fig. 10. The impact portions for the ecosystem.  
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uncertainties demonstrate that the level of uncertainty for all cases falls 
within an acceptable range, staying under 12 %. It's also worth noting 
that the uncertainty results for resource-related impacts are slightly 
higher compared to other categories. 

3.4. Comparing integrated cycles with stand-alone power cycles 

The study compares the environmental impacts of integrated 
renewable power cycles with other LCA studies on stand-alone renew-
able power cycles. The combined power cycles have the benefit of 
enhancing the power capacity production compared with stand-alone 
systems. This heightened power capacity in combined renewable- 
based power cycles, in contrast to standalone cycles, arises from the 
synergistic integration of diverse renewable sources, and incorporation 
of the optimized utilization of resources. Combined power cycles 
frequently incorporate various renewable sources like solar and wind, 
capitalizing on their complementary attributes. This enables a more 

effective utilization of resources, thereby reducing the environmental 
impact linked to an excessive dependence on a single renewable tech-
nology. However, the applied material or consumed energy in the 
combined system may be higher than the stand-alone cycle which can 
increase the environmental impact of implemented material. However, 
it should be considered that the efficiency of the combined cycle is 
higher than a single system with less heat loss and more efficient per-
formance. The enhanced efficiency leads to the generation of more en-
ergy using an equivalent amount of renewable resources, leading to a 
reduced environmental impact for each unit of electricity produced. In a 
combined cycle, where the workload on each component may be more 
uniformly distributed, it is possible to mitigate wear and tear on indi-
vidual components. This has the potential to prolong their lifespan, 
thereby diminishing the environmental impact linked to various stages 
of the life cycle. Assessing whether a binary geothermal power plant or a 
flash geothermal power plant has a reduced environmental footprint 
requires an evaluation of multiple factors. While both types of 

Table 4 
Heatmap table for all cases and scenarios based on the midpoint method. 

Keys:

Table 5 
Heatmap table for all cases and scenarios based on the endpoint method. 

Keys:
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geothermal power plants utilize Earth's heat for electricity generation, 
their operational processes vary. The environmental impact is contin-
gent on aspects like resource utilization, water consumption, and 
emissions. That is why different geothermal technologies are compared 
with the studied one. It's important to emphasize that technological 
advancements and continuous research have the potential to impact the 
environmental efficiency of various geothermal power plant types. 
Furthermore, thorough environmental impact assessments should be 
carried out for each individual project, considering site-specific condi-
tions and potential fluctuations in environmental effects. The results are 
presented in Table 6 and reveal that, in all scenarios, the CO2 emissions 
per kilowatt-hour from a stand-alone geothermal power cycle are higher 
than those in both case 1 (combined geothermal-wind system) and case 
2 (geothermal-PSC combined system). This study evaluates various 
geothermal technologies in comparison with the system under consid-
eration, and the combined system demonstrates significant potential in 
terms of reducing environmental impacts. For solar PV systems, it be-
comes evident that by extending the PSC's lifetime up to 5 years, case 2 
exhibits lower environmental impacts than two distinct stand-alone 
solar PV power systems. Among these stand-alone renewable power 
cycles, wind power units have the least impact compared to geothermal 
and solar PV. Consequently, the climate change impact of case 1 and 
case 3 (for over a 3-year lifetime) is higher than that of the aforemen-
tioned stand-alone wind turbine power cycle. However, with an 
extended PSC lifetime in case 3, reaching 10 years or more, its CO2 
emissions become significantly lower than those of a stand-alone wind 
power plant. Nevertheless, it's important to take into account that 
integrating more sustainable materials, advancing the incorporation of 
renewable energy into the energy mix, and adopting innovative tech-
nologies are key factors that can diminish the environmental impacts 

associated with each power cycle throughout its lifespan. 

4. Discussion 

Analysis indicated that geothermal well drilling is a significant 
contributor to environmental impacts across most categories. However, 
the O&M phase of geothermal plants primarily drives CC and OD im-
pacts. The manufacturing phase of the PSC system is a major source of 
toxicity impacts due to materials such as lead. Additionally, the con-
struction of wind power plants and the M&I phase of PSCs also signifi-
cantly contribute to pollution. The base case analysis, based on a PSC 
lifetime of 3 years and an efficiency of 17 %, revealed that the envi-
ronmental performance of the three cases varies across different impact 
categories. Case 3 has the lowest impact in the two critical categories 
(CC and OD), but higher impacts in other categories compared to the 
other two cases. Extending the PSC lifetime improves the environmental 
competitiveness of cases 2 and 3, resulting in lower negative impacts in 
many categories at a 15-year lifetime compared to case 1. However, 
toxicity impacts remain a contentious issue for cases 2 and 3. Using more 
sustainable materials instead of toxic ones like lead in PSC construction 
would significantly reduce impacts. The results demonstrated that 
increasing the PSC system's lifetime and efficiency substantially reduces 
impacts in most midpoint and endpoint categories. The reduction trend 
is more pronounced with lifetime extension than with efficiency 
improvement. Enhancing efficiency from 17 % to 35 % notably reduces 
environmental impacts, though the trend is less pronounced compared 
to lifetime extension. Nevertheless, efficiency remains a key factor in 
mitigating negative impacts in cases 2 and 3. 

Optimal scenarios (with a 15-year lifetime and 35 % efficiency) and 
worst-case scenarios (with a 3-year lifetime and 17 % efficiency) 

Fig. 11. Error bars for all cases and scenarios based on the midpoint method, (a) climate change, (b) human toxicity, (c) ozone depletion, (d) freshwater ecotoxicity, 
(e) photochemical oxidant formation, (f) water depletion. 
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exhibited significant differences in endpoint impact categories. The 
greatest reductions were observed in ecosystem and human health im-
pacts, with around a 78 % reduction in the best-case scenario for case 2 
compared to the worst case. Similar significant reductions were noted 
for case 3. The assessments underscored the importance of the materials 
used in ICs. Additionally, the efficiency and lifetime of PSC technology 
significantly affect the reduction of most impact categories, except for 
those related to toxicity. For categories where material usage is the 
primary source of pollution, improving efficiency and lifetime is less 
effective in reducing ecological impacts. 

5. Conclusion 

This study considers various cases and scenarios to comprehensively 
examine how the advancement of technologies might impact the envi-
ronmental performance of the cycles under investigation. The consid-
ered cases are case 1: combined geothermal & wind, case 2: combined 
geothermal & solar, case 3: combined wind & solar; and the scenarios 
modelled are PSC lifespan (3 years, 5 years, 10 years, 15 years), PSC 
efficiency (17 %, 20 %, 25 %, 30 %, 35 %), best and worst-case sce-
narios, and comparison between integrated vs. stand-alone systems. 

Base case evaluation results showed that geothermal well drilling and 
wind plant construction are the most significant contributors in most ICs 
in case 1, respectively. Also, the impact of constructing geothermal 
plants is considerably lower compared to others. In the context of case 2, 
the findings revealed that the phases with significant impacts are 
geothermal well drilling, PSC manufacturing, and the production of M&I 
parts. Particularly, PSC manufacturing has a substantial adverse envi-
ronmental effect in five categories (MU, MD, PMF, POF, and TE), 
underscoring the system's toxicity issue. Additionally, the MD is another 
significant outcome of the PSC system, primarily associated with the use 
of zinc in the electron-transport layer, silver in the back electrode, and 
ITO in the substrate. Nonetheless, the M&I phase is also a notable 
contributor to the detrimental effects of the PSC power cycle, with the 
largest proportion of this impact being attributed to ME, accounting for 
roughly 58 % of the total impact and mainly due to aluminium and steel 
applied. Case 3 results showed that the environmental impact of the 
solar PV unit in all ICs is higher than the wind turbine power cycle. The 
values of six ICs (HT, ME, MU, PMF, PO, and TE) caused around 90 % of 
the total impact arising from the PSC manufacturing process. 

Increasing both the lifetime and efficiency of PSCs significantly re-
duces environmental impact in cases 2 and 3. However, efficiency 
increment is not as effective as lifetime development. Evaluating the 
worst and best-case scenarios illustrates a huge decline in ICs values in 
both midpoint and endpoint results for both integrated systems 
including PSC. The highest impact decline for case 3 happened in TE, 
POF, HT, ME, and MU in order which showed a more than 88 % 
reduction compared with worst-case results. Also, the least diminish of 
case 3 is in FEU which is 48 % and after that, the lowest decrement is 
related to ULO and TA which are around 59 %. However, in case 2, the 
highest and lowest impact reduction occurred in PMF and OD respec-
tively. The highest difference in impact diminish is relevant to OD which 
is around 71 %. The OD impact in case 2 is mainly because of the 
geothermal system. 

The findings from this study suggest that PSC technology has the 
capability to enhance the environmental sustainability of integrated 
renewable power plants. Further technical enhancements, such as 
improving system longevity and efficiency, could amplify the benefits of 
this technology upon commercialization. An encouraging potential ac-
tion might involve substituting the existing pollutants employed in PSC 
manufacturing with materials characterized by reduced carbon emis-
sions, lower toxicity, and fewer resource scarcity concerns. There are 
some limitations in doing this kind of prospective LCA. The main 
obstacle lies in the limited availability of comprehensive data for all 
systems, particularly for PSC due to the scarcity of data from literature 
and laboratory studies, which often pertain to small-scale projects. The 
environmental effects of renewable energy technologies depend on 
geographical location, but obtaining comprehensive data for a specific 
area is challenging. Future research can explore the technological 
feasibility of integrating systems and their environmental impacts on 
combined system performance geo-spatially. 
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Table 6 
Comparing the integrated cycle considered in this study with other power plant 
(both renewable and fossil fuels).  

CC (kg 
CO2 eq/ 
kWh) 

Parameter CC (kg 
CO2 eq/ 
kWh) 

Parameter CC (kg 
CO2 eq/ 
kWh) 

Parameter  

0.02953 Case 1  0.0373 Case 2  0.02953 Case 1  
0.01848 Case 3 (3 

years)  
0.01848 Case 3 (3 

years)  
0.0373 Case 2 (3 

years)  
0.01323 Case 3 (5 

years)  
0.03205 Case 2 (5 

years)  
0.03205 Case 2 (5 

years)  
0.00929 Case 3 (10 

years)  
0.00929 Case 3 (10 

years)  
0.02811 Case 2 (10 

years)  
0.00798 Case 3 (15 

years)  
0.0268 Case 2 (15 

years)  
0.0268 Case 2 (15 

years)  
0.0286 Wind ( 

Demir and 
Taşkın, 
2013)  

0.0312 Solar PV ( 
Gasa et al., 
2022)  

0.48 Geo (Basosi 
et al., 2020)  

0.012 Wind ( 
Basosi 
et al., 2020)  

0.025 Solar PV ( 
Basosi 
et al., 2020)  

0.248 Geo ( 
Buonocore 
et al., 2015)  

0.459 Natural gas 
combined 
cycle power 
plant ( 
Singh et al., 
2011)  

0.459 Natural gas 
combined 
cycle power 
plant ( 
Singh et al., 
2011)  

0.053 Geo (Frick 
et al., 2010)  

0.167 Natural gas 
combined 
cycle power 
plant with 
carbon 
capture ( 
Singh et al., 
2011)  

0.167  0.459 Natural gas 
combined 
cycle power 
plant (Singh 
et al., 2011)  

0.09 Solar based 
combined 
thermal and 
gas plant ( 
Ozturk and 
Dincer, 
2019)  

0.09 Natural gas 
combined 
cycle power 
plant with 
carbon 
capture ( 
Singh et al., 
2011)  

0.167 Natural gas 
combined 
cycle power 
plant with 
carbon 
capture ( 
Singh et al., 
2011)    

Solar based 
combined 
thermal and 
gas plant ( 
Ozturk and 
Dincer, 
2019)  

0.09 Solar based 
combined 
thermal and 
gas plant ( 
Ozturk and 
Dincer, 
2019)  
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