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Abstract

Comparisons of electricity-generation technologies based solely on the plant-level levelized
cost of electricity (LCOE) or direct emissions may obscure important system-level and life-
cycle trade-offs. This study compares coal, natural gas, large-scale nuclear power, onshore
wind and photovoltaic (PV) generation using a combined techno-economic and life-cycle
framework comprising the LCOE, system LCOE (SLCOE), value-adjusted LCOE (VALCOE),
screening-level levelized full system cost of electricity (LFSCOE), and life-cycle assessment
(LCA). With EU ETS costs included, the calculated LCOE values were 141.00 EUR/MWh
for coal, 103.84 EUR/MWh for gas, 73.07 EUR/MWh for nuclear, 57.20 EUR/MWh for PV
and 46.35 EUR/MWh for wind. System integration increased the SLCOE particularly for PV
(124.37 EUR/MWh) and wind (90.96 EUR/MWh), whereas the increases for dispatchable
technologies were comparatively small. The screening LFSCOE comparison further high-
lighted the cost implications of requiring a single technology to provide firm supply, with
substantially higher values for PV and wind than for dispatchable generation. The LCA
results showed the lowest life-cycle global-warming impact for nuclear and wind, while coal
and natural gas remained dominated by fossil-fuel emissions. Incorporating battery storage
increased several environmental burdens of variable renewable generation, particularly
water consumption, resource use and selected toxicity indicators. The results demonstrate
that technology rankings depend strongly on whether plant-level cost, system integration,
system value, firm-supply requirements or life-cycle environmental impacts are considered.

Keywords: levelized cost of electricity (LCOE); system LCOE (SLCOE); value-adjusted
levelized cost of electricity (VALCOE); levelized full system cost of electricity (LFSCOE);
life-cycle assessment (LCA); renewable energy; EU ETS

1. Introduction

The increasing deployment of renewable energy sources (RESs) constitutes one of the
principal components of the ongoing global energy transition. The expansion of renewable
generation capacity is driven by climate-policy objectives, the need to reduce greenhouse gas
emissions from the power sector, concerns regarding energy security, and the progressive
electrification of transport, buildings and industry. The scale of this transformation has
accelerated considerably in recent years. In 2025, global renewable power capacity increased
by 692 GW, bringing the total installed renewable capacity to 5149 GW. Solar photovoltaic
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(PV) technology accounted for approximately 510 GW of new capacity, while wind power
added approximately 159 GW. Together, solar and wind represented nearly 97% of all net
renewable-capacity additions in 2025. By the end of the year, renewable sources accounted
for approximately 49% of global installed electricity-generation capacity [1-3].

The rapid expansion of renewable capacity occurs simultaneously with continued
growth in electricity consumption. Global electricity demand reached approximately
28,600 TWh in 2025 and increased by around 3% compared with the previous year. The
increase amounted to approximately 800 TWh in a single year and was driven by, among
other factors, electrification, industrial activity, increasing use of air conditioning, electric
vehicles and rapidly growing electricity consumption by data centres. At the same time,
renewables accounted for approximately 34% of global electricity generation in 2025, while
wind and solar PV together provided approximately 17% [4-6].

Poland provides a particularly relevant example of this transition. At the end of 2025,
total installed renewable power capacity reached approximately 37.8 GW, corresponding to
slightly more than 50% of the country’s installed generation capacity. Solar PV represented
approximately 24.8 GW and wind power approximately 10.5 GW, meaning that these two
variable renewable technologies accounted for the vast majority of installed renewable
capacity. Renewable electricity generation reached almost 55 TWh in 2025 and accounted
for 31.41% of total domestic electricity generation. In comparison, total domestic electricity
consumption amounted to 167.5 TWh in the same year [7-9].

The increasing share of installed renewable capacity does not translate directly into
an equivalent share of electricity supplied to the power system. This difference is partly
attributable to technology-specific capacity factors, but it is also increasingly related to
the ability of the electricity system to accommodate variable generation. Solar and wind
generation depend on weather conditions and their production profiles do not necessarily
coincide with the temporal profile of electricity demand. Consequently, increasing pene-
tration of variable renewable energy creates additional requirements for system flexibility,
balancing resources, electricity storage, dispatchable generation, interconnection capacity,
demand-side response and grid development [10].

The significance of this issue is already evident in the Polish power system. In 2025,
approximately 1.4 TWh of potential renewable electricity generation was curtailed and
therefore not delivered to the electricity system, approximately twice the volume recorded
in 2024. Importantly, around 97.8% of this curtailment resulted from balancing constraints
rather than physical-grid congestion. Curtailment occurred particularly during periods of
high renewable generation and relatively low electricity demand, demonstrating that addi-
tional renewable generation capacity alone is insufficient to ensure its effective utilization.
Instead, further decarbonization requires simultaneous development of system flexibility,
storage, transmission infrastructure and other measures capable of matching electricity
supply with demand [11].

These developments indicate that electricity-generation technologies should not be
compared solely on the basis of installed capacity, direct emissions or plant-level generation
costs. Technologies differ substantially in dispatchability, temporal availability, balancing re-
quirements, storage needs, system integration and environmental burdens throughout their
life cycles. Therefore, a more comprehensive comparison requires the consideration of both
economic and environmental dimensions, as well as the ability of individual technologies
to provide electricity in accordance with power-system requirements.

The present study compares coal-fired power generation, natural-gas-fired combined-
cycle generation, large-scale nuclear power, onshore wind power and photovoltaic gen-
eration using an integrated techno-economic and life-cycle framework. The economic
assessment combines the levelized cost of electricity (LCOE), system levelized cost of elec-
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tricity (SLCOE), value-adjusted levelized cost of electricity (VALCOE), and a screening-level
levelized full system cost of electricity (LFSCOE). In parallel, the environmental assessment
applies life-cycle assessment (LCA) to quantify environmental burdens throughout the
entire life cycle of each technology.

The objective of the study is therefore to evaluate how the comparative performance of
electricity-generation technologies changes when the assessment progresses from conven-
tional plant-level costs toward system-integration requirements, electricity-system value,
firm-supply considerations and life-cycle environmental impacts. The theoretical back-
ground and previous research related to these assessment approaches are discussed in
Section 2.

2. Literature Review
2.1. Economic Assessment of Electricity-Generation Technologies

A substantial body of research compares electricity-generation technologies using
the levelized cost of electricity. The LCOE is one of the most widely used indicators for
evaluating and comparing power-generation technologies because it expresses the average
discounted lifetime cost of producing a unit of electricity. The indicator typically incorpo-
rates capital expenditure, operation and maintenance costs, fuel costs, carbon costs and,
where relevant, decommissioning and waste-management costs [12,13].

The principal advantage of the LCOE is that it enables technologies with different
investment structures, operating costs, capacity factors and lifetimes to be compared using
a common monetary unit. However, the LCOE remains a plant-level metric and does not
directly account for transmission, distribution, balancing, electricity storage or other system-
integration costs. Consequently, technologies with similar or even lower LCOE values may
differ substantially in the total cost imposed on the electricity system once their variability,
dispatchability, flexibility requirements and network needs are considered [14-18].

This limitation is particularly important when dispatchable technologies are compared
with variable renewable energy sources. Coal-fired, natural-gas-fired and nuclear generation
can provide electricity according to system requirements within their technical operating
constraints, whereas wind and photovoltaic generation depend on weather conditions. Their
electricity production may therefore occur at times when system demand is relatively low or
may be insufficient during periods of high demand. As a result, plant-level generation cost
does not necessarily represent the full economic consequence of integrating a technology
into the electricity system.

An additional element affecting the economic performance of fossil-fuel technologies
in the European Union is carbon pricing. Under the European Union Emissions Trading
System, electricity generators are required to surrender allowances corresponding to their
verified direct greenhouse-gas emissions, with one allowance representing the right to emit
one tonne of CO,-equivalent [19,20]. The EU ETS therefore increases the cost of electricity
generation from carbon-intensive technologies and changes their relative competitiveness
compared with low-carbon generation.

However, the EU ETS component is conceptually different from physical production-
cost components, such as fuel consumption, capital expenditure, or operation and mainte-
nance. It represents a policy-induced carbon-pricing mechanism intended to internalize part
of the climate-related externality associated with direct emissions. For this reason, carbon
pricing should be considered separately when interpreting the economic performance of
electricity-generation technologies.
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2.2. System-Level Cost and Value Assessment

The limitations of the conventional LCOE have led to the development of broader
system-level assessment approaches. These methods distinguish between the cost of produc-
ing electricity at the plant level and the additional costs or benefits associated with delivering
electricity with the reliability and temporal availability required by the power system.

One such approach is the system levelized cost of electricity. The SLCOE extends the
conventional LCOE by incorporating additional system-integration costs associated with
the temporal profile of electricity generation, short-term balancing and network infrastruc-
ture. These costs are commonly classified as profile costs, balancing costs and grid-related
costs [21-24].

Profile costs arise from differences between the temporal pattern of electricity gener-
ation and electricity demand. Balancing costs are associated with short-term deviations
between forecast and actual generation, while grid-related costs include network connection,
reinforcement and transmission requirements. The magnitude of these costs depends on
several factors, including the characteristics of the electricity system, the penetration level of
a given technology, the geographical distribution of generation capacity and the availability
of flexibility resources [21-24].

The importance of these effects is particularly evident for variable renewable energy
sources. As the penetration of wind and photovoltaic generation increases, their output may
increasingly coincide with periods of high renewable availability but relatively low demand.
This can reduce the market value of generated electricity and increase the need for flexibility,
electricity storage, demand response, interconnection or dispatchable back-up capacity.

A complementary perspective is provided by the value-adjusted levelized cost of
electricity. The VALCOE extends conventional generation-cost analysis by considering
the value that electricity from a given technology provides to the power system. The
approach accounts for energy value, capacity value and flexibility value. Energy value
reflects the temporal coincidence between electricity generation and market prices, capacity
value represents the contribution of a technology to system adequacy, and flexibility value
describes the ability of a technology to respond to changing system conditions [25].

The VALCOE therefore addresses a different analytical question from the SLCOE.
Whereas the SLCOE focuses on additional costs associated with integrating a technology
into the electricity system, the VALCOE incorporates the system value of the electricity
generated. These indicators should therefore be interpreted as complementary rather
than additive.

A further extension of the system-level perspective is the levelized full system cost
of electricity. The LFSCOE framework considers the cost of supplying electricity demand
when a single generation technology is assigned responsibility for satisfying the temporal
demand profile and is complemented by electricity storage or additional generation capacity
where required [14].

Unlike the conventional LCOE, which evaluates the cost of electricity generated, the
LFSCOE incorporates the effects of generation overcapacity, storage requirements, storage
losses and curtailment associated with providing firm electricity supply. This distinction
is particularly important for variable renewable technologies, since electricity generation
from wind and PV is not fully controllable and may not coincide with the temporal profile
of electricity demand.

At the same time, the LFSCOE represents a highly specific system boundary and
should not be interpreted as the direct cost of an actual diversified electricity system. Real
power systems combine multiple generation technologies, storage options, interconnections,
flexible demand and dispatchable capacity. Nevertheless, the framework provides an
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additional perspective on the consequences of requiring individual technologies to provide
firm electricity supply.

2.3. Life-Cycle Assessment and Integrated Evaluation of Electricity Technologies

Economic performance represents only one dimension of electricity-system sustain-
ability. Electricity-generation technologies are also associated with environmental burdens
occurring throughout their entire life cycles. These impacts may arise from raw-material
extraction, fuel production, infrastructure manufacturing, construction, operation, main-
tenance, component replacement, decommissioning, waste treatment and end-of-life pro-
cesses [15].

Life-cycle assessment provides a structured methodological framework for quantifying
these environmental impacts per unit of electricity generated or delivered. Comparative
LCA studies demonstrate substantial differences between electricity-generation technologies.
Fossil-fuel technologies are generally dominated by environmental burdens associated with
fuel extraction and combustion, particularly in the global-warming and fossil-resource
categories. By contrast, renewable and nuclear technologies transfer a larger proportion of
their environmental impacts to upstream and infrastructure-related processes [15-17].

This distinction is important because low direct or operational greenhouse-gas emis-
sions do not necessarily imply uniformly low environmental impacts throughout the entire
life cycle. Renewable technologies may generate relevant burdens associated with material
demand, mineral-resource use, toxicity, land occupation and infrastructure manufacturing,
while nuclear generation is associated with specific impacts related to the nuclear-fuel cycle
and ionizing radiation.

The environmental performance of variable renewable generation may also change
when additional system infrastructure is required. Electricity storage is particularly relevant
in this context. Battery systems require additional materials and manufacturing processes,
and storage losses increase the amount of electricity that must be generated to deliver a
given quantity of usable electricity. Therefore, the environmental consequences of providing
electricity may differ from those associated with electricity generation considered only at
the plant boundary.

Recent research increasingly emphasizes the need to integrate life-cycle assessment
with broader energy-system modelling and techno-economic analysis. Such integration
enables environmental performance to be evaluated alongside system-level economic and
technical requirements and can reveal trade-offs that remain hidden when cost or environ-
mental indicators are considered separately [16,17].

A structured review published in 2025 analysed 448 life-cycle studies of electricity-
production technologies and found that approximately 80% focused primarily on environ-
mental impacts, while many studies lacked a broader system-wide perspective and consid-
ered individual technologies in isolation rather than their interactions within the electricity
system. The authors therefore highlighted the need for more integrated sustainability-
assessment frameworks capable of capturing environmental, economic and system-level
trade-offs [19].

Accordingly, an important research gap concerns the simultaneous consideration of
plant-level generation costs, system-integration costs, electricity-system value, firm-supply
requirements and life-cycle environmental performance. While LCOE, SLCOE, VALCOE,
LFSCOE and LCA are individually established approaches, they address different analytical
questions and are rarely interpreted jointly within a harmonized comparative framework
covering both dispatchable and variable electricity-generation technologies.

The present study addresses this gap by combining LCOE, SLCOE, VALCOE, screening-
level LFSCOE and LCA in a comparative assessment of coal, natural gas, large-scale nuclear
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power, onshore wind and photovoltaic generation. The purpose is not to combine these
indicators into a single composite score, but rather to determine how the comparative
position of each technology changes depending on whether the assessment focuses on
plant-level cost, system integration, electricity-system value, firm-supply requirements or
life-cycle environmental impacts.

Figure 1 shows the conceptual frameworks for LCOE, SLCOE, VALCOE and LFS-
COE [14,21].

LCOE - Levelized Cost of Electricity
CAPEX Fixed O&M Variable O&M Fuel EU ETS Decommissioning
INesHRentoBst e.g. staffing, e.g. materials, e.g. coal, gas, Carbon dioxide ARd-oflifocost
maintenance consumables uranium price
LCOS - Levelized Cost of Storage
Capie S:Zrasgt:fgr?gM Z agn;b;fe(r)/gl? e.g ::3 gas CarbE:nEc;l;:xide MR atlng
AVESEMIINGERE maintenance consumables uranium price i e
LCOT - Levelized Cost of Transmission
CAPEX Transmission O&M Transmission EUETS
Trvastment.cost e.g. maintenance, lo§sgs Carbon.dlox;de
operation Electricity lost price
Integration cost
Profile / adequacy cost Balancing cost Grid cost
storage, backup, Forecast errors, Connections, reinforcement,
curtailment, flexibility reserves transmission

SLCOE - System SLCOE

SLCOE = LCOE + Profile/Adequacy + Balancing + Connection + Transmission

VALCOE - Value-Adjusted LCOE LFSCOE - Levelized Full System Cost of Electricity

; i : Grid/ :
Energy va!ue Capaqty Yalue FlIE?(Iblllty value Generation Storage transmission Balancing Curtailment/
Value by time Contribution to Ability to respond cost cost cost Sost system
and location adequacy and ramp (e.g. LCOE) | (e.g. LCOS) (e.g. LCOT) requirements

Figure 1. Conceptual frameworks for LCOE, SLCOE, VALCOE and LFSCOE.

2.4. Novelty

The central research question addressed in this study is: how does the comparative
performance of major electricity-generation technologies change when plant-level cost,
system-integration effects, electricity-system value, firm-supply requirements and life-cycle
environmental impacts are evaluated jointly rather than separately?

The novelty of the study lies not only in demonstrating that technology rankings vary
across individual indicators, but in identifying how technological advantages and disadvan-
tages shift between assessment dimensions. In particular, the integrated framework makes it
possible to distinguish whether an apparent advantage at the plant level is retained, reduced
or transferred into system-level costs, firm-supply requirements or environmental burdens.
This provides a more complete interpretation of technology trade-offs than approaches
based on a single economic or environmental metric. The geographical context of the
analysis is primarily European, with particular relevance to Poland. Economic assumptions
were harmonized to European market conditions, while selected system-level parameters
were derived from the international literature and OECD/NEA frameworks. The analysis
does not constitute a full optimization of the Polish electricity system. In particular, the
LFSCOE assessment is screening-level rather than a Poland-specific 8760 h optimization,
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and the SLCOE results are conditional on the adopted penetration assumptions. These
limitations define the scope within which the results should be interpreted.

3. Materials and Methods

The levelized cost of electricity (LCOE) was used as the baseline economic indicator
for comparing the electricity generation costs of the five technologies considered in this
study: coal-fired power generation, natural-gas-fired combined-cycle generation, large-scale
nuclear power, wind power, and photovoltaic (PV). The LCOE represents the discounted
lifetime cost of an electricity-generating technology per unit of electricity generated over its
economic lifetime [18].

The calculation was based on the discounted cash-flow approach adopted by the
International Energy Agency (IEA) and the OECD Nuclear Energy Agency (NEA) in
Projected Costs of Generating Electricity 2020 (NEA and IEA, 2020) [22,23].

The original IEA/NEA formulation accounts for capital expenditure, operation and
maintenance costs, fuel costs, carbon costs, and decommissioning and waste-management
costs. In the present study, operation and maintenance costs were further separated into
fixed and variable components to allow a more transparent comparison of technologies
with different cost structures [23].

For each technology (i), the LCOE was calculated according to
yn L, + FOM,; + VOM; ; + lji't + Cco,it + Dit

B (1+41))
LCOE, = 5 (1)

n; it
20 (1+71,)"

where

I; —capital expenditure (CAPEX) incurred for technology (i) in year (t) [EUR];

FOM,; ,—fixed operation and maintenance costs in year (t) [EUR/year];

VOM,; ;—variable operation and maintenance costs in year (t) [EUR/year];

F; —fuel costs in year (t) [EUR/year];

Cco,,i—Ccost associated with direct CO, emissions in year (t) [EUR/year];

D, ,—decommissioning and, where applicable, waste-management costs [EUR];

E; —net electricity generated by technology (i) in year (t) [MWh];

r;—real discount rate, represented in this study by the weighted average cost of capital
(WACC) [-];

n;—economic lifetime of technology (i) [years];

t—year of the analysis.

The LCOE indicates only the cost of producing a unit of electricity using a given
technology. It does not include grid-related or system-integration costs. The IEA defines
the LCOE as a plant-level generation-cost metric that excludes network integration and
other indirect system costs. Therefore, an additional assessment is required to determine
the cost of stabilization and system integration.

The system levelized cost of electricity (SLCOE) was used to extend the conventional
LCOE by including the additional costs associated with the integration of a given generation
technology into the electricity system. While the LCOE reflects the plant-level cost of
electricity generation, the SLCOE accounts for system-level effects related to the temporal
profile of generation, short-term balancing requirements and grid infrastructure.

For each technology i, the SLCOE was calculated as

SLCOE, = LCOE, + Cinri (2)

where
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Cnr,—total system-integration cost associated with technology i [EUR/MWh].
The total integration cost was further decomposed into profile, balancing and grid-
related components [24]:

Cinti = Cororigi + Coari + Corinsi (3)

Therefore,
SLCOE; = LCOE; + Cpropie;i + Cpari + Corin,i (4)

where

CproriLe,—Pprofile cost associated with the mismatch between the temporal pattern of
electricity generation and electricity demand [EUR/MWh];

Cpar ;/—balancing cost associated with short-term deviations between forecast and
actual generation [EUR/MWh];

Cgrip,—grid-related cost associated with network connection, reinforcement and
transmission requirements [EUR/MWh].

In the present study, grid-related costs were further separated into connection and
transmission components:

Ceri,; = Cconn,i + LCOT; (5)

Thus, the final formulation applied in the analysis was
SLCOE; = LCOE; + Cpropiig,i + Cpari + Cconn,i + LCOT; (6)

where

Cconn i—levelized grid-connection cost [EUR/MWh];

LCOT;—levelized cost of transmission [EUR/MWh].

The SLCOE framework enables a more comprehensive comparison of electricity gen-
eration technologies than the conventional LCOE because it accounts for differences in
variability, dispatchability, balancing requirements and network needs. These additional
costs are particularly relevant for variable renewable energy sources, such as wind and
photovoltaic generation, for which the electricity output is weather-dependent and may not
coincide with the temporal profile of electricity demand.

In this study, the system-integration cost components were based on the OECD/NEA
system-cost framework, which distinguishes profile costs, balancing costs and grid-related
costs as the principal categories of system costs associated with electricity generation tech-
nologies. The resulting SLCOE therefore represents the plant-level generation cost aug-
mented by the additional costs required for the integration of each technology into the
electricity system.

The value-adjusted levelized cost of electricity (VALCOE) was used to extend the
conventional LCOE assessment by incorporating the value that each generation technology
provides to the electricity system. The methodology follows the approach developed by
the International Energy Agency (IEA), in which the LCOE is adjusted according to three
system-value components: energy value, capacity value and flexibility value.

The energy value reflects the temporal coincidence between electricity generation
and wholesale electricity prices. Technologies generating electricity predominantly during
high-price periods receive a higher energy value, whereas generation concentrated during
periods of low electricity prices receives a lower value. The capacity value represents the
contribution of a technology to system adequacy and its ability to provide reliable capacity
during periods of high demand. The flexibility value reflects the ability of a technology to
respond to changes in electricity demand and system conditions [25].

In the present study, technology-specific LCOE values calculated within the economic
model were combined with value adjustments derived from the IEA framework. The
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adjustments were converted to EUR/MWh using the same exchange-rate assumption as in
the LCOE assessment. The VALCOE was treated as an alternative measure of technology
competitiveness and was not added to the system LCOE, since the two indicators represent
different perspectives on power-system performance.

The levelized full system cost of electricity (LFSCOE) was used to assess the cost of sup-
plying electricity demand when a single generation technology assumes full responsibility
for meeting the temporal demand profile.

Unlike the conventional LCOE, which considers only the cost of electricity generated,
the LFSCOE incorporates the additional generation capacity, storage capacity, storage losses
and curtailment required to ensure that electricity demand is satisfied continuously.

In the full LEFSCOE framework, electricity generation and demand are evaluated on
an hourly basis over 8760 h. Hourly generation is determined from installed capacity
and the corresponding hourly capacity factor. For dispatchable technologies, generation
is constrained by available plant capacity, whereas solar PV and wind generation follow
technology-specific hourly availability profiles.

For variable renewable technologies, surplus electricity may be directed to storage,
while stored electricity is discharged during periods in which generation is insufficient
to meet demand. Storage operation therefore accounts for charging and discharging ef-
ficiency, storage-energy capacity, storage-power capacity and the evolution of the state
of charge. Electricity that can neither be directly consumed nor stored is classified as
curtailed generation.

Within the full LESCOE framework, generation and storage capacities are selected
so that the complete electricity-demand profile can be supplied. The resulting LFSCOE
is defined as the discounted lifetime cost of the complete generation and storage system
divided by the discounted amount of electricity demand served.

The full-system cost numerator includes generation investment costs, fixed and variable
operation and maintenance costs, fuel costs where applicable, carbon costs for fossil-fuel
technologies, decommissioning costs, storage investment and operating costs, storage re-
placement where required and relevant transmission and system-related costs. Storage
losses and renewable-energy curtailment are reflected through the additional generation
and storage capacity required to satisfy electricity demand.

The LFSCOE therefore represents the cost of providing firm electricity rather than
merely producing electricity. This distinction is particularly important for variable re-
newable technologies because the conventional LCOE does not account for the additional
infrastructure required to match electricity generation with demand.

However, a Poland-specific 8760 h optimization was not performed in the present
study. For the numerical comparison reported here, the LEFSCOE was implemented as a
screening-level estimate using the German benchmark reported within the Idel framework.
For each technology, the full-system premium, defined as the difference between the bench-
mark LFSCOE and benchmark LCOE, was transferred to the technology-specific LCOE
calculated in the present study after currency conversion. Negative benchmark premiums
were not transferred.

Accordingly, the reported LFSCOE values should be interpreted as screening-level
indicators illustrating the potential effect of firm-supply requirements rather than as results
of an hourly simulation or optimization of the Polish electricity system.

3.1. Life-Cycle Assessment (LCA)

The environmental assessment was performed using the life-cycle assessment (LCA)
methodology in accordance with ISO 14040 and ISO 14044 [26,27]. The models were
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developed in SimaPro desktop version 10.5 using the ecoinvent 3.12 database and the
allocation cut-off by classification system model [28,29].

The analysed technologies included coal-fired power generation, natural-gas-fired
combined-cycle generation, large-scale nuclear power, onshore wind power and photovoltaic.
Where available, geographically representative datasets for European were selected [30].

A cradle-to-grave system boundary was applied, including raw-material extraction,
fuel-cycle processes where applicable, manufacturing and construction of generation infras-
tructure, operation and maintenance, direct emissions, component replacement, decommis-
sioning, waste treatment and end-of-life processes.

Life-cycle impact assessment was performed using the ReCiPe 2016 Midpoint method
with the Hierarchist perspective—ReCiPe 2016 Midpoint (H). All 18 midpoint-impact
categories were evaluated, including global warming, stratospheric ozone depletion, ioniz-
ing radiation, ozone formation, fine particulate matter formation, terrestrial acidification,
freshwater and marine eutrophication, terrestrial, freshwater and marine ecotoxicity, hu-
man toxicity, land use, mineral and fossil resource scarcity, and water consumption. The
functional unit (FU) is 1 MWh [31,32].

The primary results are reported separately for each impact category. Technology-
specific lifetime, capacity factor and electricity-output assumptions were harmonized with
those used in the economic analysis to ensure consistency between the LCOE and LCA.

EU ETS costs were treated exclusively as an economic parameter and were not included
as environmental flows in the LCA. Instead, physical greenhouse-gas emissions from the
entire life cycle of each technology were quantified directly within the inventory and assessed
in the global-warming impact category [33].

In addition to the conventional generation-only LCA, a storage-adjusted sensitivity
scenario was evaluated for PV and wind. A lithium iron phosphate (LiFePO,) battery
energy storage system (BESS) with an energy capacity of 1 MWh was assumed per 1 MWh
of electricity delivered. The BESS was assumed to operate at one full equivalent cycle
per day over a 15-year lifetime, corresponding to a total lifetime energy throughput of
5475 MWh per 1 MWh of installed battery capacity. A round-trip efficiency of 85% was
assumed. Consequently, 1.176 MWh of electricity generation was required to deliver 1 MWh
after storage losses. The environmental burden associated with battery production was
amortized over the total lifetime energy throughput of the BESS and allocated to the func-
tional unit of 1 MWh of electricity delivered. This scenario is intended to illustrate the
direction and magnitude of environmental burden shifting caused by storage and should
be interpreted as a storage-adjusted sensitivity case rather than as an optimized 8760 h
BESS-sizing model [34-36].

A distinction was made between the functional basis of the generation-only and storage-
adjusted scenarios. For coal, natural gas, nuclear, onshore wind and PV without storage,
the environmental results are expressed per 1 MWh of electricity generated. In the storage-
adjusted PV + BESS and wind + BESS sensitivity scenarios, the results are expressed per
1 MWh of electricity delivered after storage, including the additional electricity generation
required to compensate for round-trip storage losses.

Accordingly, the generation-only and storage-adjusted results do not represent strictly
identical electricity services. The former characterize the environmental burdens of electric-
ity generation at the technology level, whereas the latter additionally include the storage
function and associated conversion losses. Comparisons involving the BESS scenarios
should therefore be interpreted as sensitivity analyses illustrating the additional life-cycle
burden associated with storage rather than as direct like-for-like comparisons of functionally
equivalent electricity supply.
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3.2. Operational and Technology-Specific Assumptions

For all the analysed scenarios, a weighted average cost of capital (WACC) of 7% was
assumed. All monetary values originally expressed in US dollars were converted to euros
using an exchange rate of 1 USD = 0.8592 EUR. The EU Emissions Trading System (EU
ETS) allowance price was assumed to be 75.99 EUR/tCO, [37].

The cost parameters were harmonized to represent average European market condi-
tions. Where technology-specific values were not available for Poland, European-average
assumptions were applied, including labour, materials, operation and maintenance, and
other relevant cost components. This approach was adopted to ensure consistency and
comparability across the analysed electricity-generation technologies [38].

For the assessment of profile and adequacy costs, literature-based values reported by
the OECD Nuclear Energy Agency were adopted. The analysis considered a 30% penetration
level, defined as the share of electricity generated by a given technology in the total electric-
ity system. Under this scenario, the profile/adequacy cost amounted to 0.33 USD/MWh
for coal-fired generation, while no additional profile/adequacy costs were reported for
nuclear and gas-fired generation. In contrast, substantially higher values were observed
for variable renewable energy sources, reaching 36.48 USD/MWh for onshore wind and
48.16 USD/MWh for solar PV. These higher costs reflect the temporal mismatch between
weather-dependent electricity generation and electricity demand and the resulting require-
ment for dispatchable back-up capacity or other flexibility resources during periods of
insufficient renewable generation. The values are system- and penetration-dependent and
should therefore not be interpreted as intrinsic characteristics of individual technologies
(OECD/NEA, 2024, Table 1; adapted from NEA, 2012) [39].

To improve the transparency of the technology-specific assumptions applied in the
analysis, Table 1 summarizes the principal operational, economic and LCA characteristics
of the five electricity-generation technologies considered in this study. The table distin-
guishes between technology-specific assumptions and methodological parameters applied
consistently across all technologies.

The parameters common to all technologies included a WACC of 7%, an exchange
rate of 1 USD = 0.8592 EUR and an EU ETS allowance price of 75.99 EUR/tCO,. The cost
parameters were harmonized to represent average European market conditions. Where
Poland-specific technology data were unavailable, European-average assumptions were
applied to maintain methodological consistency across the analysed technologies.

The 30% penetration case derived from the OECD/NEA French-system analysis was
adopted as a common reference scenario because it provides a technology-consistent set of
system-cost estimates under the same methodological framework. The purpose of using this
benchmark was not to reproduce the Polish electricity system, but to provide a harmonized
comparative basis for evaluating the relative magnitude of profile, balancing and grid-
related effects across the analysed technologies. The 30% penetration level represents an
intermediate system-integration case and was therefore used as a standardized reference
point rather than as a country-specific forecast.

Because these values originate from the French electricity system, they should be
interpreted as scenario-dependent reference parameters. Their absolute magnitude may
differ under Polish conditions owing to differences in generation mix, demand patterns,
interconnection, grid topology and available flexibility. Accordingly, the resulting SLCOE
values are used for comparative purposes and should not be interpreted as intrinsic or
geographically universal technology costs.
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Table 1. Summary of technology-specific operational, economic and LCA assumptions used in the
analysis [36].

Parameter Coal Natural Gas Nuclear Onshore Wind PV
. . . . Variable Variable
Generation type Dispatchable Dispatchable Dispatchable renewable renewable
Fuel requirement Coal Natural gas Nuclear fuel None dgrmg None dgrlng
operation operation
Direct operational CO,
emissions subject to EU ETS Yes Yes No No No
EU ETS CQSt included in Yes Yes No No No
economic assessment
Profile/adequacy costat 43 oy \Mwh 0 USD/MWh 0USD/MWh 3648 USD/MWh  48.16 USD/MWh

30% penetration

LCA system boundary Cradle-to-grave Cradle-to-grave Cradle-to-grave Cradle-to-grave Cradle-to-grave
Functional unit 1 MWh 1 MWh 1 MWh 1 MWh 1 MWh
LCIA method ReCiPe 2016 ReCiPe 2016 ReCiPe 2016 ReCiPe 2016 ReCiPe 2016
Midpoint (H) Midpoint (H) Midpoint (H) Midpoint (H) Midpoint (H)
LCA database ecoinvent 3.12 ecoinvent 3.12 ecoinvent 3.12 ecoinvent 3.12 ecoinvent 3.12

Direct combustion

No combustion

emissions included in LCA Yes Yes emissions No No
Fuel-cycle processes . .
included Yes Yes Yes Not applicable Not applicable
Generatipn infrastructure Yes Yes Yes Yes Yes
included
Decommis§ ioning /end-of- Yes Yes Yes Yes Yes
life included
BESS sensitivity scenario No No No Yes Yes
BESS technology - - - LiFePO, LiFePO,
BESS lifetime - - - 15 years 15 years
BESS round-trip efficiency - - - 85% 85%

To enhance the transparency and reproducibility of the system-level economic assess-
ment, Table 2 summarizes the technology-specific integration costs applied in the SLCOE
calculations, together with the German benchmark values and corresponding premiums
used to estimate the LESCOE. The table provides a consolidated overview of the assump-
tions underlying both indicators and facilitates the interpretation of the differences between
plant-level generation costs and system-level costs.

Table 2 summarizes the system-integration costs and full-system premiums applied
in the economic assessment. The SLCOE calculations were based on the OECD/NEA
framework, using a common 30% technology penetration scenario. The total integration
cost comprises profile/adequacy, balancing, connection and transmission costs. Profile costs
were derived from the OECD/NEA benchmark and converted into EUR/MWh, while the
remaining integration costs are presented in aggregate form.

The LFSCOE assessment was implemented as a screening-level approach based on the
German benchmark reported by Idel (2022) [14]. Technology-specific full-system premiums
were defined as the difference between the German benchmark LFSCOE and LCOE and
subsequently converted into EUR/MWHh before being added to the LCOE calculated in
this study.
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Negative benchmark premiums were excluded by applying a zero lower bound. This
assumption was adopted because the screening approach was intended to illustrate potential
additional costs associated with firm electricity supply, rather than to transfer technology-
specific cost advantages from a different electricity system. Consequently, negative premi-
ums were set to zero to avoid introducing cost reductions that could not be independently
verified under the adopted system conditions. This simplification should be considered
when interpreting the resulting LEFSCOE values.

Table 2. System-integration costs and screening-level full-system premiums applied in the SLCOE
and LFSCOE calculations.

Technology  Profile Cost Other Integration  Total Integration SLCOE LFSC.OE LFSCOE
Costs * Cost Premium
Coal 0.28 0.81 1.09 142.09 1.72 142.72
Natural gas 0 0.46 0.46 104.3 0 103.84
Nuclear 0 1.76 1.76 74.83 19.76 92.83
Onshore 3134 13.27 44.61 90.96 380.63 426.98
wind
PV 41.38 25.79 67.17 124.37 1154.78 1211.98
All values in EUR/MWHh. * Other integration costs represent the combined balancing, connection
and transmission costs, reconstructed as SLCOE-LCOE—profile cost. Profile costs are converted from
USD using 1 USD = 0.8592 EUR.

To further improve the reproducibility of the economic assessment, the principal
technology-specific input assumptions used in the LCOE calculations are summarized
in Table 3. These parameters represent the direct model inputs rather than the resulting
levelized cost contributions reported later in Section 4.

Table 3. Main economic and operational input assumptions used in the LCOE calculations.
Natural Gas Onshore
Parameter Coal CCGT Large Nuclear Wind PV
Plant capacity [MW] 650 1227 1000 200 75.8
Economic lifetime [years] 40 30 60 30 30
Capacity factor [-] 0.85 0.85 0.93 0.43 0.25
Investment cost [EUR/kW] 3525.34 745.79 4940.46 1690.93 1280.22
Fixed O&M [EUR/kW-year | 52.93 10.41 150.36 36.95 21.19
Variable O&M [EUR/MWh] 5.5 2.93 241 0 0
Fuel cost [EUR/MWh] 31.48 66.11 8.85 0 0
Direct operational CO, emission
factor [t CO,/MWh] 0.807 0.333 0 0 0
Decommissioning cost basis 106 43 1074.01 128.88 85.92

[EUR/KW]

The values in Table 3 were used directly in the discounted cash-flow model described
above. The direct CO, emission factors reported for coal and natural gas refer exclusively to
operational emissions used to calculate the EU ETS component of the LCOE and should
not be confused with the life-cycle greenhouse-gas emission factors used in the LCA. A
common real WACC of 7%, the exchange rate of 1 USD = 0.8592 EUR and the EU ETS
allowance price of 75.99 EUR/tCO, were applied consistently as described above.

For the VALCOE assessment, technology-specific value adjustments were derived
from the European Union benchmark reported within the IEA framework. The benchmark
combines the effects of energy value, capacity value and flexibility value into an aggregate
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technology-specific adjustment. The values applied in the present study are summarized in
Table 4.

Table 4. Technology-specific value adjustments used in the VALCOE calculation.

IEA IEA
Benchmark Benchmark Yalue Yalue Study LCOE Calculated
Technology Adjustment Adjustment VALCOE
LCOE 2040 VALCOE 2040 [USD/MWh] [EUR/MWh] [EUR/MWh] [EUR/MWh]
[USD/MWh] [USD/MWh]
Coal 150 125 -25 —21.48 141 119.52
Natural gas 110 75 —35 —30.07 103.84 73.77
Large nuclear 110 115 5 4.3 73.07 77.37
Onshore wind 65 80 15 12.89 46.35 59.23
PV 50 80 30 25.78 57.2 82.98

The VALCOE adjustment was calculated as the difference between the technology-
specific benchmark VALCOE and LCOE values:

Value adjustment = IEA VALCOE — IEA LCOE

The resulting adjustment was converted from USD/MWh to EUR/MWh using the
same exchange-rate assumption applied throughout the economic analysis and was subse-
quently added to the LCOE calculated in the present study. The IEA benchmark reports the
aggregate technology-specific value adjustment but does not provide a separate numerical
decomposition into energy, capacity and flexibility components for each technology. There-
fore, no additional numerical decomposition of these three components was introduced in
the present analysis.

The assumptions summarized in this section constitute the input dataset used for the
subsequent LCOE, SLCOE and VALCOE calculations presented in Section 4.

A methodological limitation of the present study concerns the reproducibility of the
original LCA inventory at the individual database-process level. The LCA calculations were
performed some time ago using a licensed SimaPro environment, and the original software
access is no longer available. Consequently, the complete list of individual ecoinvent pro-
cesses used in the original model cannot be reconstructed with sufficient certainty from the
retained manuscript outputs alone.

A further limitation concerns the storage-adjusted sensitivity scenario. Although
the analysis retained the main battery assumptions, including LiFePO, chemistry, a 15-
year lifetime and an 85% round-trip efficiency, the battery representation was based on
simplified assumptions and does not constitute a fully parameterized storage model with
complete process-level documentation. Accordingly, the BESS results should be interpreted
as indicative sensitivity results illustrating the direction of life-cycle burden shifting rather
than as a fully reproducible stand-alone battery-system LCA.

4. Results

The results are presented in two complementary dimensions. First, the life-cycle
assessment compares the environmental burdens of the technologies per 1 MWh, including
a storage-adjusted sensitivity case for PV and wind. Second, the techno-economic results
show how the ranking of technologies changes when the assessment progresses from
plant-level LCOE to system integration, value adjustment and firm-supply screening.

Table 5 presents the life-cycle environmental impacts of the analysed technologies
using two explicitly distinguished functional bases: 1 MWh of electricity generated for the
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generation-only scenarios and 1 MWh of electricity delivered after storage for the PV +
BESS and wind + BESS sensitivity scenarios.

Table 5. Life-cycle environmental impacts for the analysed electricity-generation technologies.
Generation-only results are expressed per 1 MWh of electricity generated, whereas the PV 4 BESS
and wind + BESS sensitivity scenarios are expressed per 1 MWh of electricity delivered after storage.

Impact Category 1 MWh Coal 113’]\3/ S-; v;glélsd S+ PV Wind Nuclear Gas
Global warming kg CO, eq 1140 90.02 43.08 65.7 25.8 16.2 684
Fine particulate kg PM, 5 eq 1.81 0.195 0.0735 0.159 0.0553 0.0477 0.561
matter formation :
Fossil resource kg oil eq 226 2247 10.41 16.7 6.45 4.04 260
scarcity
Freshwater kg 1,4-DCB 129 20.59 22,94 175 195 117 1.93
ecotoxicity
Freshwater kg P eq 0416 0.0651 0.0189 0.0548 0.0155 0.00611 0.0286
eutrophication
Human carcinogenic kg 1,4-DCB 26 7.13 9.97 6.06 8.47 222 3.94
toxicity
Human
non-carcinogenic kg 1,4-DCB 391 291.45 102.39 247 86.3 31 52
toxicity
Tonizing radiation kBq Co-60 eq 8.25 12.04 224 10.2 1.87 1170 123
Land use mZ2a crop eq 5.79 142 2.04 0.39 0912 0.147 0.268
Marine ecotoxicity kg 1,4-DCB 18 27.06 28.12 23 239 1.72 2.86
Marine kg N eq 0.0445 0.0631 0.0127 0.0534 0.0106 0.00814 0.0176
eutrophication
Mineral resource kg Cu eq 0.375 1.99 212 1.37 148 0.884 0.444
scarcity
Ozone
formation—-Human kg NO, eq 22 0.246 0.13 0.174 0.0758 0.0505 1.03
health
Ozone
formation—Terrestrial kg NO, eq 22 0.254 0.134 0.181 0.0788 0.0515 1.08
ecosystems
Strat‘z;pher.ic 0ZOne Yo CFC-lleq  277x107% 457x105  157x105  363x105 108x105 413x105 3.6 x 105
epletion
Terrestrial kg SO, eq 5.29 0.538 0.203 0.404 0.119 0.0808 1.67
acidification
Terrestrial ecotoxicity kg 1,4-DCB 325 1683.31 288.01 1430 244 324 113
Water consumption m? 1.88 20.29 18.51 1.84 0.329 3.13 1.05

Table 5 shows marked differences in both the magnitude and structure of life-cycle
impacts. For global warming, coal exhibited the highest impact (1140 kg CO,-eq/MWh),
followed by natural gas (684 kg CO,-eq/MWh), while PV, wind and nuclear reached 65.7,
25.8 and 16.2 kg CO,-eq/MWHh, respectively. When a BESS was included, the global-warming
impact increased to 90.02 kg CO,-eq/MWh for PV and 43.08 kg CO,-eq/MWh for wind.
Storage also increased several non-climate impacts: PV + BESS reached 20.29 m3/MWh of
water consumption and 1683.31 kg 1,4-DCB/MWh for terrestrial ecotoxicity. Nuclear power
showed a distinctive profile, with the lowest or near-lowest results in many categories but a
substantially higher ionizing-radiation indicator (1170 kBq Co-60 eq/MWHh). The results
therefore demonstrate that a low carbon footprint does not imply uniformly low impacts
across all ReCiPe categories.
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Figure 2 shows the relative contribution of the analysed technologies to ReCiPe 2016
midpoint impacts for the conventional generation-only LCA scenario (1 MWh generated).
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Figure 2. Relative contribution of the analysed technologies to ReCiPe 2016 midpoint impacts for the
conventional generation-only LCA scenario (1 MWh generated).

The percentage contribution of each technology was calculated by dividing its environ-
mental impact score in a given ReCiPe midpoint category by the sum of the corresponding
scores for all technologies included in the comparison and multiplying the result by 100.
These percentages represent relative contributions within the analysed set of technologies
and should not be interpreted as the actual electricity generation mix or the contribution of
individual technologies to the environmental impacts of a real electricity system.

Figure 3 shows the relative contribution to ReCiPe 2016 midpoint impacts for the
storage-adjusted scenario, including BESSs for PV and wind (1 MWh delivered in the
storage-adjusted sensitivity case).

The percentage contributions were calculated using the same approach as in Figure 2,
with the inclusion of the storage-adjusted PV + BESS and wind + BESS scenarios. Each
percentage represents the relative contribution of a given technology or scenario to the sum
of the environmental impact scores within a specific ReCiPe category. These values are
intended exclusively for comparative visualization and do not represent an actual electricity
generation mix or a modelled electricity supply system.

Figure 4 shows the LCOE cost-component breakdown including the EU ETS carbon
cost for coal and natural gas.

Figure 4 shows that inclusion of the EU ETS materially changes the plant-level cost
ranking of fossil-fuel technologies. The calculated LCOE reaches 141.00 EUR/MWHh for
coal and 103.84 EUR/MWh for natural gas, compared with 73.07 EUR/MWh for nuclear,
57.20 EUR/MWh for PV and 46.35 EUR/MWh for wind. The EU ETS component alone
accounts for 61.33 EUR/MWh for coal and 25.27 EUR/MWh for gas, making carbon
pricing one of the dominant cost components for fossil-fuel generation in the analysed
European-market scenario.

Figure 5 shows the LCOE cost-component breakdown excluding the EU ETS carbon
cost.
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Figure 3. Relative contribution to ReCiPe 2016 midpoint impacts for the storage-adjusted scenario,
including BESSs for PV and wind (1 MWh delivered in the storage-adjusted sensitivity case).
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Figure 4. LCOE cost-component breakdown including the EU ETS carbon cost for coal and natural
gas.

Figure 5 isolates the effect of carbon pricing by setting the EU ETS component to zero.
The resulting LCOE falls to approximately 79.67 EUR/MWh for coal and 78.57 EUR/MWh
for natural gas, while the LCOE of PV, wind and nuclear is unchanged because no direct
operational EU ETS charge was assigned to these technologies. The comparison demon-
strates that a substantial part of the cost disadvantage of coal and gas in the base case arises
from the monetization of direct CO, emissions rather than from CAPEX and O&M alone.

Figure 6 shows a comparison of the LCOE, SLCOE and VALCOE with and without the
EU ETS component.
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Figure 5. LCOE cost-component breakdown excluding the EU ETS carbon cost.
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Figure 6. Comparison of LCOE, SLCOE and VALCOE with and without the EU ETS component.

Figure 6 demonstrates that the ranking of technologies depends on the metric used.
With EU ETS included, wind has the lowest plant-level LCOE (46.35 EUR/MWh), followed
by PV (57.20 EUR/MWh) and nuclear (73.07 EUR/MWh). After system-integration costs
are added, SLCOE rises to 90.96 EUR/MWh for wind and 124.37 EUR/MWHh for PV, whereas
nuclear changes only slightly to 74.83 EUR/MWh. The VALCOE results provide a different
perspective by adjusting the generation cost according to energy, capacity and flexibility
value, and should therefore be interpreted as a competitiveness indicator rather than an
additive system-cost component.

Figure 7 shows a screening-level LESCOE comparison across the analysed electricity-
generation technologies.

https://doi.org/10.3390/su182111124


https://doi.org/10.3390/su182111124

Sustainability 2026, 18, 11124

19 of 28

EUR/MWh

1400

1200

1000

800

600

400

200

LFSCOE

coal pv wind nuclear gas

Figure 7. Screening-level LFSCOE comparison across the analysed electricity-generation technologies.

Figure 7 shows the screening-level LFSCOE results. The estimated values are
142.72 EUR/MWh for coal, 1211.98 EUR/MWh for PV, 426.98 EUR/MWh for wind,
92.83 EUR/MWh for nuclear and 103.84 EUR/MWh for natural gas. The very large values
for PV and wind arise from the strict full-system interpretation of LFSCOE, under which a
single technology is assumed to take responsibility for meeting the complete demand profile
and must therefore be complemented by storage and/or substantial generation overcapacity.
Because the present values are benchmark-adjusted screening estimates rather than an
independently optimized Polish 8760 h model, they should be interpreted as an indication
of full-system cost sensitivity rather than as a final forecast for the Polish electricity system.

Table 6 consolidates the plant-level, system-adjusted and life-cycle indicators reported
separately in Figures 4-7, allowing the five technologies to be compared directly across the
economic and environmental dimensions. Wind and PV are most competitive at the plant
level (LCOE), nuclear becomes comparatively more favourable once system integration
and firm-supply requirements are considered (SLCOE, LFSCOE), and nuclear and wind
show the lowest life-cycle global-warming impact.

Table 6. Summary of key techno-economic and life-cycle indicators for the analysed technologies
(values include the EU ETS components where applicable).

Technology

LCOE

SLCOE VALCOE LFSCOE Life-Cycle GWP

(EUR/MWh) (EUR/MWh) (EUR/MWh) (EUR/MWh) (kg CO,-eq/MWh)

Coal
Natural gas
Nuclear
PV
Wind

141.00
103.84
73.07
57.20
46.35

142.09 119.52 142.72 1140
104.30 73.77 103.84 684
74.83 77.37 92.83 16.2
124.37 82.98 1211.98 65.7
90.96 59.23 426.98 25.8

Figure 8 combines the economic and environmental results into a single cost-carbon
view. Nuclear and wind occupy the most favourable, lower-cost/lower-carbon quadrant,
PV combines low carbon impact with intermediate cost, while coal and natural gas fall
in the higher-cost/higher-carbon quadrant once the EU ETS cost is included. This figure
therefore provides a plant-level cost-carbon comparison and should not be interpreted as a
comparison of full-system electricity costs.
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Figure 8. Cost—carbon positioning of the analysed technologies. LCOE (EUR/MWh, with EU ETS) is
plotted against life-cycle global-warming impact (kg CO,-eq/MWHh, log scale). Dashed lines mark the
median value on each axis.

Figure 9 restates the results of Table 6 on a common normalized scale. Coal ranks worst
on LCOE, SLCOE, VALCOE and life-cycle global warming; PV ranks worst on LEFSCOE due
to the storage and overcapacity required for firm supply; and nuclear and wind combine
consistently low or intermediate scores across all five indicators, supporting the conclusion
that technology ranking is highly sensitive to the indicator selected.

Normalized Multi-Criteria Comparison of Economic and
Life-Cycle Indicators
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Figure 9. Normalized multi-criteria comparison of economic and life-cycle indicators. Each indicator
is min-max normalized across the five technologies (0 = best, 1 = worst) to allow comparison across
different units.
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5. Discussion
5.1. Plant-Level Cost and Carbon Pricing: LCOE

The plant-level results demonstrate substantial differences in the economic structure
of the analysed electricity-generation technologies. Wind and photovoltaic generation
exhibit the lowest LCOE values in the base-case comparison, whereas coal becomes the most
expensive technology when the EU ETS component is included. Nuclear power occupies
an intermediate position, while natural gas remains strongly influenced by fuel and carbon
costs. This general pattern is consistent with comparative assessments showing that the
relative economic performance of electricity-generation technologies depends strongly on
technology-specific investment, and operational, fuel and environmental characteristics [40].

The comparison with and without the EU ETS component demonstrates the impor-
tance of carbon pricing for fossil-fuel generation. Removing the EU ETS component reduces
the coal LCOE from 141.00 to 79.67 EUR/MWh and natural-gas LCOE from 103.84 to
78.57 EUR/MWHh. This difference indicates that a substantial share of the economic disad-
vantage of fossil-fuel generation under the adopted European-market assumptions results
from the monetization of direct CO, emissions rather than exclusively from capital, fuel,
or operation and maintenance costs. The importance of this mechanism is supported by
empirical evidence from European electricity markets demonstrating the pass-through of
EU ETS allowance prices into power-sector costs and electricity prices [41].

These results confirm that the conventional LCOE provides an important first-level
comparison of electricity-generation technologies but does not capture their complete
economic interaction with the electricity system. This limitation becomes particularly
relevant when technologies with substantially different temporal generation profiles and
dispatchability characteristics are compared.

5.2. System Integration, System Value and Firm Supply: SLCOE, VALCOE and LFSCOE

The comparison changes substantially when system-level considerations are intro-
duced. The SLCOE results show that the integration of variable renewable technologies
introduces additional costs associated with generation profiles, balancing, connection and
transmission. PV increases from 57.20 EUR/MWHh at the plant level to 124.37 EUR/MWh
after the adopted integration-cost components are included, while wind increases from
46.35 to 90.96 EUR/MWh. By comparison, the corresponding increases for nuclear, coal
and natural gas are considerably smaller.

The magnitude of these differences should not be interpreted as an intrinsic and con-
stant characteristic of the technologies. System-integration costs depend on renewable
penetration, the temporal relationship between electricity generation and demand, fore-
cast accuracy, network conditions, storage availability, interconnection capacity and other
flexibility resources. Accordingly, the SLCOE results should be interpreted within the
system assumptions adopted in the present analysis. This interpretation is consistent with
recent system-based LCOE research demonstrating that the comparative cost of electricity-
generation technologies depends not only on plant-level characteristics but also on the
configuration and flexibility of the surrounding electricity system [42].

VALCOE provides a complementary perspective because it evaluates not only the
cost of electricity production but also the value that generated electricity provides to the
power system. Energy value, capacity contribution and flexibility may therefore alter the
relative position of technologies compared with the conventional LCOE. For this reason,
the VALCOE should not be added mechanically to the SLCOE. The two indicators answer
different analytical questions: the SLCOE focuses on the additional cost of integration,
whereas the VALCOE reflects the value of electricity supplied at particular times and under
particular system conditions.
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The LFSCOE results extend the comparison further by examining a substantially more
restrictive question: the cost of making an individual technology responsible for satisfying
the full temporal electricity-demand profile. Under this assumption, PV and wind require
considerable overcapacity and electricity storage to compensate for periods of insufficient
generation. Consequently, their screening-level LFSCOE values increase much more strongly
than those of dispatchable technologies.

These results should not be interpreted as evidence that electricity systems with high
shares of renewable generation must necessarily exhibit costs equivalent to the single-
technology LFSCOE estimates. Real electricity systems combine different generation tech-
nologies, storage technologies, interconnections, demand-side flexibility and dispatchable
resources. The screening-level LFSCOE therefore illustrates the cost implications of firm-
supply responsibility under a deliberately stringent system boundary rather than predicting
the cost of an actual future electricity mix.

Taken together, the SLCOE, VALCOE and LFSCOE results demonstrate that the relative
economic performance of electricity-generation technologies depends strongly on the system
service being evaluated. A technology that performs favourably when assessed solely on
plant-level generation cost may occupy a different position once system integration, temporal
electricity value or firm-supply requirements are considered.

An important limitation of the present LFSCOE assessment is that the full-system
premium was transferred from a German benchmark rather than derived from a Poland-
specific hourly optimization. Consequently, the reported LEFSCOE values are sensitive to
differences between the German and Polish electricity systems, including hourly demand
profiles, solar irradiation, wind availability, generation structure, interconnection capacity,
grid topology and the availability of system-flexibility resources. These differences may
affect the required generation overcapacity, storage capacity, curtailment and energy losses.
Therefore, the reported LESCOE values should be interpreted as screening-level indicators
of the potential magnitude of full-system effects rather than as geographically specific
estimates for the Polish power system.

The profile and adequacy costs applied in the present study were evaluated at a 30%
penetration level in order to provide a consistent and comparable reference point across
the analysed technologies. This intermediate penetration level was selected on the basis
of the OECD/NEA system-cost framework and was intended to represent a meaningful
system-integration case without introducing additional scenario-specific assumptions. How-
ever, these costs should not be interpreted as fixed technology-specific parameters. Their
magnitude depends strongly on the penetration level of variable renewable generation,
the temporal relationship between generation and demand, the available generation mix,
storage capacity, interconnection and other sources of system flexibility. Consequently, the
SLCOE results reported in this study represent the adopted 30% penetration scenario rather
than a universal system cost applicable to all power systems or stages of renewable-energy
deployment. A broader sensitivity analysis covering multiple penetration levels and system
configurations therefore represents an important direction for future research and a natural
extension of the present assessment.

An additional source of uncertainty arises from transferring the full-system premium
derived from the German benchmark to the Polish context. Germany and Poland differ in
several system characteristics that may materially affect full-system electricity costs, includ-
ing hourly electricity-demand profiles, solar irradiation, wind regimes, installed generation
structure, interconnection capacity, grid topology and the availability of system-flexibility
resources. These differences may influence the amount of generation overcapacity, storage
capacity, curtailment and energy losses required to provide firm electricity. Consequently, a
numerical margin of error cannot be reliably quantified without conducting a dedicated
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Poland-specific 8760 h optimization. The LEFSCOE values reported in this study should
therefore be interpreted as screening-level indicators of the direction and potential mag-
nitude of full-system effects rather than as geographically transferable estimates with a
defined statistical uncertainty. A Poland-specific hourly optimization using national de-
mand and renewable-generation profiles is therefore identified as an important direction
for future research.

5.3. Life-Cycle Environmental Performance: LCA and Storage Effects

The life-cycle assessment complements the economic indicators by identifying en-
vironmental trade-offs that are not visible in cost-based comparisons. Coal and natural
gas are characterized by the highest life-cycle global-warming impacts, whereas nuclear,
wind and photovoltaic generation exhibit substantially lower greenhouse-gas burdens per
MWh. This general pattern is consistent with recent comparative life-cycle assessments
of electricity-generation technologies, which likewise report substantially higher climate-
related environmental burdens for fossil-fuel-based generation than for renewable and
nuclear alternatives [43].

However, the ReCiPe midpoint results demonstrate that low greenhouse-gas emissions
do not imply uniformly low environmental impacts across all categories. The environmental
profiles of the analysed low-carbon technologies differ considerably. Photovoltaic genera-
tion exhibits comparatively greater contributions in selected resource- and toxicity-related
categories, while nuclear generation is distinguished by a substantially higher ionizing-
radiation indicator. Wind also shows selected material-related environmental burdens
despite its low life-cycle climate impact. Recent systematic evidence similarly demonstrates
that the comparative environmental performance of electricity-generation technologies
varies considerably across impact categories and depends on methodological assumptions,
system boundaries and technology characteristics [44].

The storage-adjusted scenarios further demonstrate the possibility of environmental
burden shifting. The addition of LiFePO, battery storage to PV and wind increases several
environmental impacts because storage requires additional materials and manufacturing
processes, while round-trip efficiency losses increase the amount of generation needed to
deliver 1 MWh of electricity. The most visible increases occur in categories associated with
water consumption, terrestrial ecotoxicity and mineral-resource use.

This finding is particularly relevant when renewable technologies are evaluated at the
electricity-system level. Their environmental performance should not be characterized solely
by operational emissions or even by generation-only life-cycle greenhouse-gas emissions.
When additional infrastructure is required to provide electricity with greater temporal
availability, part of the environmental burden is transferred from the generation technology
to storage, additional generation capacity and associated material supply chains.

The LCA results therefore reinforce the need for a multi-category life-cycle perspective.
Global-warming impacts remain central to electricity-sector decarbonization, but resource
use, toxicity, water consumption, land use and technology-specific environmental effects
should also be considered when comparing alternative generation pathways [43,44].

5.4. Integrated Interpretation of Economic and Environmental Performance

The combined results demonstrate why no single indicator is sufficient to characterize
the overall performance of electricity-generation technologies. Each metric used in this
study represents a different analytical perspective.

The LCOE describes the plant-level cost of producing electricity. The SLCOE extends
this perspective by incorporating selected system-integration costs. The VALCOE accounts
for the value that electricity provides to the system depending on its temporal availability,
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capacity contribution and flexibility. The LFSCOE examines the cost implications of requir-
ing a technology to provide firm electricity under a stringent single-technology assumption.
LCA, in turn, evaluates environmental burdens occurring throughout the complete life cycle.

The comparative position of the analysed technologies therefore changes depending
on the assessment perspective. Wind and photovoltaic generation perform favourably in
terms of plant-level generation costs and life-cycle greenhouse-gas emissions but are more
strongly affected by system-integration and firm-supply requirements. Nuclear generation
has a higher plant-level cost than wind and PV but shows relatively limited additional
integration requirements and a low life-cycle global-warming impact. Coal and natural
gas retain dispatchability advantages, but their economic performance is strongly affected
by fuel and carbon costs, while their life-cycle climate impacts remain substantially higher
than those of low-carbon technologies.

The principal methodological implication is therefore not that one indicator should
replace another, but that they should be interpreted jointly. LCOE, SLCOE, VALCOE, LFS-
COE and LCA describe complementary dimensions of electricity-generation performance
and should not be mechanically combined into a single score. Their simultaneous inter-
pretation enables the distinction between electricity-production cost, system-integration
requirements, electricity-system value, firm-supply requirements and life-cycle environ-
mental impacts. This type of multi-dimensional assessment is also consistent with recent
approaches combining economic and life-cycle perspectives in comparative evaluations of
power-generation technologies [40].

This integrated perspective provides a more complete representation of electricity-
generation technologies than any individual metric considered separately. It also illus-
trates why technology comparisons may lead to different conclusions depending on
whether the analysis focuses on plant-level economics, system operation, reliability or
environmental performance.

The principal limitations of the present analysis include the use of harmonized
European-average cost assumptions, literature-based system-integration parameters, a
screening rather than Poland-specific optimized LFSCOE, and a simplified BESS-adjusted
LCA scenario. Future research should therefore combine Poland-specific hourly demand
and renewable-generation profiles with optimized generation and storage capacities, sensi-
tivity analyses for WACC, fuel and EUA prices, and a fully harmonized life-cycle represen-
tation of both generation and storage infrastructure.

To provide a transparent synthesis of the comparative assessment, Table 7 summa-
rizes the relative position of the analysed technologies across the principal operational,
economic, system-level and environmental dimensions considered in this study. The rank-
ing is indicator-specific and should not be interpreted as an overall ranking of electricity-
generation technologies.

Table 7. Comparative positions of the analysed electricity-generation technologies across the assess-
ment dimensions considered in this study.

Assessment Dimension 1st 2nd 3rd 4th 5th
Plant-level economic performance (LCOE) Wind 1% Nuclear Natural gas Coal
System-adjusted economic performance (SLCOE)  Nuclear Wind Natural gas 1% Coal
Value-adjusted economic performance (VALCOE) Wind Natural gas Nuclear PV Coal
Firm-supply economic performance (LFSCOE) Nuclear  Natural gas Coal Wind PV
Life-cycle climate performance (GWP) Nuclear Wind PV Natural gas  Coal

From an operational perspective, coal, natural gas and nuclear generation provide
dispatchable electricity and therefore require comparatively limited additional measures to
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match generation with the temporal demand profile. Wind and PV have variable generation
profiles and consequently show greater dependence on system flexibility, balancing, storage
and complementary generation when firm electricity supply is required. Conversely, wind
and PV show strong plant-level economic performance and low life-cycle greenhouse-gas im-
pacts. Nuclear power combines low life-cycle greenhouse-gas emissions with comparatively
limited system-integration and firm-supply requirements, whereas fossil-fuel technologies
retain operational dispatchability but are disadvantaged by carbon costs and substantially
higher life-cycle climate impacts.

The comparison therefore does not identify a universally superior technology. Instead,
it demonstrates that the advantageous characteristics of each technology depend on the
assessment criterion considered. Wind and PV perform particularly favourably in plant-level
cost and climate-related terms, nuclear performs favourably when system integration and
firm-supply requirements are considered, while coal and natural gas provide dispatchability
but exhibit substantially less favourable carbon-related performance.

The principal finding emerging from the combined assessment is that the advantages
of individual generation technologies are not eliminated when the analytical perspective is
broadened, but are redistributed across different dimensions of system performance. Wind
and PV retain favourable plant-level cost and climate characteristics, but part of this advan-
tage is offset by greater system-integration and firm-supply requirements. Dispatchable
technologies retain operational advantages, although fossil-fuel generation is penalized by
carbon costs and life-cycle greenhouse-gas burdens. Nuclear generation exhibits a different
trade-off structure, combining low life-cycle climate impact and limited system-integration
requirements with higher plant-level capital-related costs. The integrated framework there-
fore reveals not simply a change in ranking, but the specific dimension in which each
technology gains or loses comparative advantage.

A broader sensitivity analysis covering alternative discount rates, carbon-price as-
sumptions and system-integration costs could further test the robustness of the technology
rankings reported in this study. Such an extension would allow the stability of the compar-
ative results to be evaluated under different financial and system-level conditions and is
therefore identified as an important direction for future research.

6. Conclusions

The results demonstrate that the comparative performance of electricity-generation
technologies depends strongly on the assessment perspective adopted. Plant-level gen-
eration cost alone does not fully reflect differences in dispatchability, system-integration
requirements, temporal electricity value, firm-supply capability and life-cycle environmen-
tal performance.

Wind and photovoltaic generation are characterized by favourable plant-level economic
performance and low life-cycle greenhouse-gas emissions, although their variable genera-
tion profiles increase the importance of balancing, flexibility, storage and complementary
system infrastructure. Nuclear generation combines low life-cycle climate impacts with com-
paratively limited additional system-integration and firm-supply requirements, although
its economic structure is strongly influenced by capital-related costs. Coal and natural
gas retain operational advantages associated with dispatchability, but their comparative
performance is adversely affected by fuel and carbon costs and by substantially higher
life-cycle greenhouse-gas emissions.

The analysis also shows that environmental performance cannot be represented by
greenhouse-gas emissions alone. Technologies with low climate impacts may exhibit dif-
ferent trade-offs related to resource consumption, toxicity, water use, land use or other
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life-cycle impact categories, while the inclusion of electricity storage may shift part of the
environmental burden from electricity generation to supporting infrastructure.

The LCOE, SLCOE, VALCOE, LFSCOE and LCA should be interpreted as complemen-
tary rather than competing indicators. Their joint application provides a more comprehen-
sive basis for comparing electricity-generation technologies by distinguishing plant-level
economics, system-level requirements, electricity-system value, firm-supply capability and
life-cycle environmental consequences. This multi-dimensional perspective can support
more transparent technology assessment in electricity systems undergoing decarbonization
and increasing integration of variable renewable generation.
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Abbreviations

The following abbreviations are used in this manuscript:

LCOE Levelized cost of electricity

SLCOE System levelized cost of electricity
VALCOE Value-adjusted levelized cost of electricity
LFSCOE  Levelized full system cost of electricity

LCOT Levelized cost of transmission
CAPEX Capital expenditure
O&M Operation and maintenance

WACC Weighted average cost of capital
EU ETS European Union Emissions Trading System

EUA European Union Allowance

LCA Life-cycle assessment

ReCiPe ReCiPe 2016 life cycle impact assessment method
FU Functional unit

GWP Global warming potential

BESS Battery energy storage system

RES Renewable energy source

VRE Variable renewable energy

IEA International Energy Agency

NEA Nuclear Energy Agency

OECD Organization for Economic Co-operation and Development
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