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Abstract

The increasing urgency to address climate change and the depletion of fossil
fuel reserves require the transition to sustainable energy solutions. This thesis
explores the optimization and environmental assessment of hybrid power plants
(HPPs) that combine a wind and solar system for reliable and efficient electricity
production. Focusing on a case study in Denmark, the research employs the
HyDesign tool for techno-economic optimization and a Python-based tool for
Life Cycle Assessment (LCA).

The study evaluates multiple configurations of hybrid systems that integrate
photovoltaic (PV), wind turbines and battery storage. Key objectives include:

1. Optimization of system size and capacity: Optimization of system size
and capacity: Using HyDesign to minimize the Levelized Cost of Electricity
(LCOE) while maximizing the NPV/CAPEX ratio.

2. Life Cycle Assessment: A custom Python-based LCA frameworkwas devel-
oped to assess environmental impacts from raw material extraction to end
of life. The tool supports both the ReCiPe 2016 and IMPACT 2002+ methods
for comprehensive impact characterization across multiple environmental
categories.

3. Economic and environmental balance: Provide insight into the feasibility
of hybrid systems through techno-economic and environmental indicators.

The results contribute to understanding the potential of hybrid systems to
enhance energy security and reliability in Denmark, a country recognized for
its progressive renewable energy initiatives. By addressing the intermittency of
renewable energy sources, this research supports the deployment of sustainable
hybrid power solutions.
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1 Introduction

1.1 Background

In recent decades, the extensive use of fossil fuels to meet the demands of heating,
electricity, and transportation in developed countries has led to the release of large
amounts of carbon, previously stored in natural reserves, into the atmosphere. If
this trend continues and spreads to developing countries, humanity could face
global climate change in the next century. The urgency to address this challenge,
combined with limited fossil fuel supplies, has driven a growing focus on large-
scale renewable energy solutions, particularly hybrid power plant systems that
integrate solar and wind systems. Such systems present a valuable path to
sustainable energy production and help counteract the impacts of global climate
change [20].

High energy consumption rates, combined with insufficient supply from exist-
ing energy sources, have led to significant energy shortages. Traditional large-
scale power generation relies on conventional energy sources that are both limited
and unevenly distributed across the Earth’s crust. The rapid depletion of fossil
fuels such as coal, oil, and gas has made this issue worse and significantly im-
pacted the environment by increasing CO2 levels, which contributes to global
warming. Therefore, there is an urgent need to use renewable energy sources.
However, a key challenge with these sources is their dependence on environmen-
tal conditions, such as wind speed and solar irradiance.

As a result, individual renewable energy sources often struggle to provide a
steady power supply because their availability can vary greatly. To overcome
this challenge, various renewable sources, including wind, solar, hydro, biogas,
and fuel cells, can be integrated into hybrid systems, offering a more reliable and
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2 CHAPTER 1. INTRODUCTION

environmentally friendly energy solution. These renewable sources are classified
as distributed energy resources, and their generation is referred to as distributed
generation [30], as illustrated in Fig. 1.1.

Figure 1.1: Distributed generation. [30].

A hybrid system is defined as the integration of two or more renewable or
non-renewable energy sources. The specific hybrid system we focus on combines
wind energy and photovoltaic (PV) technology.

Hybrid power plants (HPPs) build on this idea by combining different types of
electricity generation at a single connection point to the grid. They often include
wind and solar power, as well as battery storage systems. This setup allows excess
energy produced when demand is low to be stored in batteries, which can then be
usedwhen demand is high. HPP technology facilitates the large-scale adoption of
renewable energy while ensuring grid stability, making it an essential approach
to achieving sustainable energy solutions.

The primary aim of this thesis is to conduct a comprehensive Life Cycle As-
sessment (LCA) for a hybrid power plant, focusing on the environmental impacts
associated with its various components and operational phases. To achieve this,



1.2. PROBLEM STATEMENT 3

I will optimize the sizing of the hybrid power plant using the HyDesign tool,
which enables the integration of multiple renewable energy sources, such as wind
and solar. This tool supports both the evaluation of specific plant designs and
general sizing optimization, based on user-defined objective functions—such as
minimizing the Levelized Cost of Energy (LCOE) or maximizing Net Present
Value (NPV) relative to capital expenditure (CAPEX). The optimization will con-
sider key factors including energy output and economic performance to ensure
an efficient and balanced system design.

Following the optimization phase, I will utilize SimaPro to model the LCA
component of the project. SimaPro is a robust tool for assessing the environmen-
tal impacts throughout the life cycle of the hybrid power plant, from resource
extraction to end-of-life disposal. By integrating the insights gained from the
sizing optimization with the LCA results, this research aims to provide valuable
recommendations for enhancing the sustainability and efficiency of hybrid power
plants.

1.2 Problem Statement

The global average surface temperature has already risen by 1.2°C above pre-
industrial levels, and 2023 was marked by extreme weather events like heatwaves
and droughts. These events have strained energy systems by decreasing hydro
and thermal power supply while increasing demand for cooling. CO2 emissions
also reached a record high of 37 gigatonnes in 2022. Various future scenarios
predict different emissions pathways, from the Stated Policies Scenario (STEPS),
which anticipates emissions leveling off, to theAnnounced Pledges Scenario (APS)
and Net Zero Emissions (NZE) Scenario, which envision significant reductions
by 2050 [2].

The continuous rise in global temperatures poses a severe threat to ecosystems
and human life. Current policies project temperature increases approaching
2°C by mid-century, leading to potentially severe climate disruptions. Stronger
climate actions could help slow this rise, while aiming for net-zero emissions
offers hope for a more sustainable future.

Given the increasing challenges of climate change, a transition to Renewable
Energy Sources (RES) such as solar and wind power is essential. Fossil fuels are
the primary source of greenhouse gas emissions, contributing significantly to
global warming and environmental degradation. Shifting to renewable energy
is vital for reducing carbon emissions, stabilizing the climate, and securing a
healthier future for generations to come [15].

This thesis focuses on the optimization of hybrid power plant (HPP) design,
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combiningwind and solar energy, to achieve a balance between energy production
and minimal environmental impact.Hybrid power systems offer the flexibility
to balance the variable outputs of renewable sources such as solar and wind by
integrating energy storage systems and, if needed, backup power sources. This
improves overall system reliability and enhances energy security. By optimizing
the size of HPPs, the goal is to design systems that maximize the use of renewable
energy while minimizing the overall carbon footprint

As demand for electricity continues to grow, implementing flexible energy
solutions—such as batteries, electrolyzers, and hydrogen-based storage systems
(H2X)—can ensure a reliable power supply even when renewable sources fluctu-
ate. Transitioning to renewables not only addresses climate challenges but also
conserves natural resources and protects ecosystems. Embracing wind and solar
energy as part of a hybrid solution can support a sustainable and resilient energy
future.

1.3 Objectives

This thesis aims to enhance the integrated planning and environmental evaluation
of hybrid renewable energy systems through the following objectives:

• Techno-economic optimization: To optimize the configuration and sizing
of a hybrid power plant using theHyDesign tool, targeting theminimization
of Levelized Cost of Electricity (LCOE) and maximization of the NPV/-
CAPEX ratio. This ensures both cost-effectiveness and financial viability
for investment decisions.

• Comprehensive environmental assessment: Todevelop and apply a Python-
based Life Cycle Assessment (LCA) framework tailored to wind, photo-
voltaic (PV), and battery systems. The framework evaluates environmental
impacts across all life cycle stages—manufacturing, transportation, and
end-of-life—using both ReCiPe 2016 and IMPACT 2002+ characterization
methods.

• Region-specific case study in Denmark: To apply the integrated techno-
economic and environmental model to a real hybrid power project located
in Nørhede-Hjortmose, Denmark. The analysis considers local wind and
solar resource conditions, manufacturer locations, and logistics routes to
generate context-specific insights into the feasibility, emissions profile, and
system performance.

• Visualization and decision support: To present the results through in-
teractive, component-level emission breakdowns, facilitating stakeholder
understanding of emission hotspots and trade-offs, and supporting sustain-
able planning and policy decisions.
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1.4 Scope and Limitations

This thesis presents a comprehensive assessment of the Nørhede-Hjortmose
hybrid power plant (HPP) located in Ringkøbing, Denmark, through both techno-
economic and environmental lenses. The study utilizes the HyDesign tool devel-
oped by DTU for system sizing and scenario simulation, followed by a custom-
built Python-based Life Cycle Assessment (LCA) framework to quantify emissions
across all major life cycle stages: Manufacturing, Transportation, and End-of-Life
(EOL).

The scope includes:

• Evaluation of four HPP design configurations under fixed and variable
capacity constraints.

• Integration of component-level inventories for wind turbines, photovoltaic
(PV) systems, and battery storage.

• Calculation of manufacturing emissions using material-specific factors de-
rived from publicly available sources (e.g., NREL, IEA PVPS, IMO).

• Estimation of transportation emissions based on geographic distances and
transport mode selection (truck, rail, ship).

• Modeling of end-of-life emissions considering recycling, landfill, hazardous,
and incineration pathways.

• Impact assessment using ReCiPe 2016 and IMPACT 2002+ methods across
multiple environmental categories.

However, the study is subject to several limitations:

• Database access: Due to restricted access to commercial LCA databases
such as Ecoinvent or SimaPro, emission factors were sourced from literature
and technical reports, whichmay lack consistency or full regional specificity.

• Assumptions in transportation: Transport distances are based on estimated
routes andmanufacturer locations, whichmay not reflect the actual logistics
chain.

• Simplified EOL modeling: The end-of-life treatment allocation is material-
based and does not account for detailed local waste management infrastruc-
ture or emerging recycling technologies.

• Limited operational data: The system’s operational phase was excluded
from environmental analysis due to minimal emissions and the lack of
site-specific operational datasets.

• Tool validation: While the custom Python framework is modular and
flexible, it has not undergone formal validation against standardized LCA
software tools like SimaPro or GaBi.
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Despite these limitations, the integrated framework and site-specific approach
provide meaningful insights into the environmental trade-offs of hybrid power
systems and can support future research or policy decisions aimed at sustainable
energy planning.

1.5 Thesis Structure

This thesis is organized into the following chapters:

• Chapter 1 – Introduction: Introduces the motivation behind hybrid renew-
able energy systems, their role in addressing climate change, and the need
for integrated techno-economic and environmental assessments. It also out-
lines the research objectives, problem statement, scope, and methodology
overview.

• Chapter 2 – Literature Review: Provides an overview of renewable energy
technologies including wind and solar systems, hybrid system configura-
tions, Life Cycle Assessment (LCA) methodology, and previous studies on
techno-economic and environmental evaluations.

• Chapter 3 –Methodology: Describes the tools andmethods used for techno-
economic modeling and environmental assessment. This includes the Hy-
Design tool for hybrid system optimization and the custom Python-based
LCA framework developed for emissions analysis across manufacturing,
transportation, and end-of-life stages.

• Chapter 4 – Case Study: Presents the application of the methodology to
the Nørhede-Hjortmose hybrid power plant in Denmark. It includes input
data, sizing scenarios, simulation results, and environmental evaluation
based on Life Cycle Inventory (LCI) and Impact Assessment (LCIA).

• Chapter 5 – Results and Discussion: Analyzes and interprets the techno-
economic and environmental results. Discusses system performance, emis-
sions breakdown, environmental hotspots, and design trade-offs between
configurations.

• Chapter 6 – Conclusion and Future Work: Summarizes the main findings,
highlights methodological limitations, and proposes recommendations for
future research on hybrid renewable energy systems and LCA improve-
ments.



2 Literature Review

2.1 Hybrid Power Plant Concepts

2.1.a Renewable Energy and Climate Change

All societies depend on energy services to fulfill fundamental human needs, such
as lighting, cooking, heating, transportation, and communication, as well as to
support productive processes. For sustainable development, it is essential that
energy services are both secure and environmentally responsible. Achieving
sustainable social and economic growth requires reliable and affordable access
to the energy resources necessary to supply these critical services. This can
involve adopting diverse strategies based on different stages of economic develop-
ment. To minimize environmental harm, energy services must produce minimal
environmental impact and low greenhouse gas (GHG) emissions. Currently,
however, fossil fuels account for 85% of primary energy driving global economies,
contributing to 56.6% of all human-made GHG emissions [29].

In 2008, renewable energy (RE) sources made up approximately 12.9% of the
global primary energy supply, which totaled 492 exajoules (EJ), according to the
IEA (2010a). Biomass was the largest RE source, contributing 10.2%, with around
60% of biomass energy being used for traditional cooking and heating, partic-
ularly in developing regions. However, the use of biomass for modern energy
applications was also rising significantly. Hydropower contributed another 2.3%,
while other renewable sources together made up 0.4% of the total RE supply, as
shown in Figure 2.1 [29].

7
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Figure 2.1: Distribution of energy sources in global primary energy supply for
2008 (492 EJ). Modern biomass represents 38% of the total biomass share.[1].

2.1.b Wind Energy

Wind energy has substantial potential for reducing greenhouse gas (GHG) emis-
sions in both the short and long term, making it a key resource in the global effort
to combat climate change. Wind energy systems can generally be categorized
into onshore and offshore types. Onshore wind energy involves wind turbines
installed on land, typically in open areas with high wind resources, whereas
offshore wind energy comprises turbines located in bodies of water, where wind
speeds are often stronger andmore consistent [4]. In 2023, the global wind energy
market grew faster than in previous years. As seen in Figure 2.2, global wind
power capacity increased by 116.6 GW—a 50% rise from 2022—bringing the total
to 1,021 GW. This represents a 13% growth rate, showing the rapid expansion of
renewable energy sources. The onshore wind sector made a large contribution,
setting a record with 105.8 GW added, increasing the total onshore capacity to 945
GW [31]. This growth was driven by policies in the Asia-Pacific region, particu-
larly in China. However, North America saw a 16% drop in onshore installations,
mainly due to slower growth in the United States.



2.1. HYBRID POWER PLANT CONCEPTS 9

Figure 2.2: Overview of the Global Wind Energy Market in 2023. This figure shows the
overall market trends and highlights major developments in the wind energy sector [31].

Offshore wind system also grew in 2023, with an addition of 10.8 GW—the
second-highest annual increase in the sector. Figure 2.3 shows Europe’s commit-
ment to offshore wind, highlighted by Denmark’s completion of the Vesterhav
Syd and Nord offshore wind projects in the North Sea. These projects, fully oper-
ational by early 2024, demonstrate Denmark’s focus on expanding offshore wind
capacity alongside other European installations . European installations.Region-
ally, the Asia-Pacific region held the largest market share at 71% , with most of the
growth in China and India, which saw a combined increase of 15% . Europe came
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in second, adding 18.3 GW, including a record 16.2 GW from the EU-27 countries,
though its global share dropped by 9% . North America retained third place,
despite the U.S. having its lowest installation levels since 2014. Brazil’s record
installations kept Latin America in fourth place with a 5% share of the global
market.The top five countries for new wind installations in 2023 were China, the
U.S., Brazil, Germany, and India, with India moving up in the rankings. Together,
these countries accounted for 80% of global installations, with China leading the
increase. By the end of 2023, China, the U.S., Germany, India, and Spain held
72% of the world’s wind capacity, as illustrated in Figure 3.3.[31].

Figure 2.3: Status of the Onshore Wind Market in 2023. This figure details the
current state of the onshore wind market, reflecting regional trends and recent
developments within the sector. [31].

2.1.c Solar Energy Technologies (SETs)

Solar energy is one of the most abundant and sustainable energy resources avail-
able, providing significant potential for both short-term and long-term climate
change mitigation. By harnessing solar energy, we can meet global energy de-
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mands while reducing greenhouse gas emissions. The rapid advancement of
solar technologies offers diverse applications capable of fulfilling various energy
service needs. Among the most prominent solar technologies are photovoltaic
(PV) systems, concentrating solar power (CSP) systems, and solar chimneys [11].

Photovoltaic (PV) Systems: PV systems convert solar radiation directly into
electricity via the photovoltaic effect—an interaction where incident sunlight
excites electrons in a semiconductor material, generating an electric current.
Modern PV technologies are primarily based on crystalline silicon (c-Si), which
accounts for over 95% of the global market due to its high efficiency and scalability
[48].

Recent innovations have led to the development of advanced architectures such
as PERC (Passivated Emitter and Rear Cell), HIT (Heterojunction with Intrinsic
Thin layer), and TOPCon (Tunnel Oxide Passivated Contact), with lab efficien-
cies approaching 26–27%. These improvements have significantly enhanced the
performance of both residential and utility-scale solar installations.

PV systems are modular, low-maintenance, and easy to deploy in diverse
settings, from rooftops and open land to integration in building materials (BIPV)
or floating platforms (FPV). Their versatility and declining costs make them a
central pillar of global clean energy strategies. Figure 2.4 provides a schematic
illustration of a typical PV system setup.

Figure 2.4: photovoltaic (PV) system

Concentrating Solar Power (CSP) Systems: CSP systems use mirrors or lenses
to concentrate sunlight onto a small focal point or line, producing high-temperature
thermal energy. This heat is then used to drive a steam turbine or other heat en-
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gine connected to a generator. CSP is particularly effective in arid, high-irradiance
regions such as deserts and offers the significant advantage of thermal energy
storage, enabling power generation even during periods without sunlight.

These systems can be designed with molten salt storage, parabolic troughs,
solar towers, or dish-engine configurations. With appropriate investment and
supportive energy policy, CSP technology has the potential to supply over 20%
of the global electricity demand by 2050. Figure 2.5 illustrates the basic principle
and components of a CSP plant.

Figure 2.5: Concentrating Solar Power (CSP) system using a central receiver and
thermal energy storage.

Solar Chimneys: Solar chimneys work by using solar energy to heat air within
a tall structure, creating an updraft that drives a turbine connected to a generator.
This innovative technology harnesses solar thermal energy and can be imple-
mented on a large scale to generate electricity, contributing to a diverse energy
mix.

Solar energy technologies (SETs) offer substantial environmental benefits com-
pared to conventional energy sources, primarily due to their minimal air emis-
sions and waste production. They are considered nearly clean and safe, with the
added potential for standalone applications that support ecosystem protection
and remote monitoring. SETs also provide socio-economic advantages, includ-
ing diversified energy supply, job creation, and reduced dependency on fuel
imports. However, it’s important to acknowledge that no project is entirely free
from environmental impact, which can vary by site, often relating to visual and
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noise pollution. These impacts are typically minor and can be mitigated through
best practices and advanced technologies. Investors, developers, and permit-
ting authorities must prioritize environmental considerations during planning.
Conducting an Environmental Impact Assessment (EIA) can effectively estimate
potential impacts and suggest mitigation measures, leading to better project
design and public acceptance. [11].

2.1.d Why Hybrid Power Plants?

The rapid development of hybrid power plants that combine photovoltaic (PV)
solar systems and wind energy has emerged as a solution to the challenges posed
by the intermittent nature of these renewable sources. These hybrid plants en-
hance reliability and efficiency in electricity production by integrating both solar
and wind energy, which are inherently variable and dependent on environmental
conditions.

To ensure that electricity is produced precisely when needed, it is essential to
develop specialized hybrid power plants. These plants can incorporate energy
storage systems to store excess energy generated during peak production times or
combine solar and wind energy with advanced control mechanisms to optimize
output.

Developers are exploring various configurations for hybrid systems, including:

• PV solar systems combined with wind turbines: This configuration allows
for simultaneous harnessing of solar and wind energy, maximizing energy
generation throughout the day and across different weather conditions.

• Wind turbines integrated with battery storage: This setup ensures that
excess energy generated during windy periods can be stored and utilized
when energy demand is high or wind conditions are low.

• Advanced control systems to optimize energy output: By employing so-
phisticated algorithms and technologies, these systems can manage the
energy produced by both PV and wind sources, ensuring a stable and
reliable energy supply.

Hybrid power generation systems effectively leverage the strengths of solar
and wind energy to mitigate their weaknesses [41].

2.2 Design Approaches for Hybrid Systems

Designing hybrid renewable energy systems involves a multidisciplinary ap-
proach that combines energy resource assessment, component selection, system
sizing, and control strategies. The objective is to achieve an optimal balance
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between system cost, reliability, and environmental impact. Several tools and
methodologies have been developed to assist in this process, ranging from rule-
based heuristics to advanced optimization algorithms.

In this thesis, the HyDesign tool—developed by the Technical University of
Denmark (DTU)—is used as the core platform for techno-economic design and
sizing of hybrid systems [13]. HyDesign enables both fixed and variable capacity
design scenarios through a nested optimization structure [42]:

It integrates techno-economic constraints including component costs, degrada-
tion penalties, and grid limitations.

Several common design configurations explored in literature and applied in
this study include:

• Wind-PV hybrid systems with and without battery storage
• Wind-PV-Battery systems
• Power-to-X (PtX) integration for green hydrogen

These configurations are tested in the case study using the same geographic
and economic context. The resulting techno-economic performance metrics are
used to guide the environmental assessment in the next phase of the study.

2.3 Life Cycle Assessment

Life Cycle Assessment (LCA) is a standardized analytical tool used to evaluate
the potential environmental impacts associated with all stages of a product’s
life—from raw material extraction and manufacturing to transportation, usage,
and end-of-life disposal [16]. This “cradle-to-grave”[27] perspective makes LCA
particularly valuable in assessing energy systems that span complex global supply
chains and long operational lifetimes.

Unlike traditional evaluation methods that focus on a single life phase (such as
operational emissions), LCAprovides a holistic view that encompasses both direct
and indirect environmental effects. In the context of electricity production, inputs
include primary energy sources, materials, and infrastructure, while outputs
involve secondary energy (electricity), emissions, and waste.

The standardized LCA framework is defined by ISO 14040 and ISO 14044 [26,
27].

Several impact assessment methodologies have been developed for the LCIA
stage. In this thesis, both ReCiPe 2016 [21] and IMPACT 2002+ [28] are employed.
ReCiPe 2016 translates LCI results into both midpoint indicators (e.g., climate
change, ozone depletion) and endpoint damage categories (human health, ecosys-
tems, resources) [21]. IMPACT 2002+ integrates midpoint and damage categories
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into a single harmonized framework, useful for comparative sustainability assess-
ments.

LCA plays a crucial role in supporting policymakers, engineers, and investors
by revealing environmental trade-offs that are often invisible in cost-based evalu-
ations alone [12]. When combined with techno-economic analysis, LCA enables
a more comprehensive sustainability assessment of renewable energy systems.

2.4 Previous Studies on LCA of Hybrid Power Plants

Numerous studies have applied Life Cycle Assessment (LCA) and Life Cycle
Cost (LCC) methods to evaluate the environmental and economic impacts of
renewable energy systems. These analyses are especially relevant for wind and
solar technologies, where the majority of emissions occur during manufacturing
and end-of-life stages rather than operation. Through detailed modeling, LCA
allows researchers to identify high-emission components, assessmaterial recovery
potential, and compare different system configurations and technology choices.

Many studies also integrate economic indicators through LCC analysis, offering
a combined view of environmental performance and cost-effectiveness. This is
particularly valuable in decision-making processes for policymakers and project
developers aiming to meet both sustainability and financial goals.

The table below summarizes key research findings from a wide range of LCA
and LCC studies on wind, solar, and hybrid energy systems.
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Table 2.1: Summary of Life Cycle Assessment Studies in renewable energy.

Ref. Method Software/Tool Key Findings

[32] LCA of Energy
and CO2 Emis-
sions in Wind
Turbines

Process Analy-
sis, Hybrid

Energy and CO2 intensities
depend on production meth-
ods and materials. Larger tur-
bines have lower intensities.

[33] Economic and
Environmental
Analysis of Wind
Turbines

Monte Carlo
Simulation

Wind turbines have lower
CO2 and SOx/NOx emissions
than fossil fuels. Viability
varies by location.

[36] LCA of Wind
Turbine

CML Method Manufacturing impacts
arise from steel production.
Recycling reduces overall
environmental impact.

[45] LCA of Wind
Turbines

Not specified Larger turbines (4.5 MW)
have lower energy intensity
due to economies of scale.

[41] LCA of Hybrid
(Solar & Wind)
Systems

Hybrid Power
Systems Design

Hybrid systems enhance en-
ergy reliability and allow sur-
plus feed-in.

[18] LCA for Wind,
Hydraulic, and
Solar Energy

SimaPro 7.0 Increased renewable inte-
gration lowers CO2 emissions.
Country-specific outcomes
vary.

[34] LCA of Wind
Power

SimaPro 7.1 Denmark’smix of coal, CHP,
andwind affectsmarginal pro-
duction based on demand.

[47] LCA of Con-
centrated Solar
Power (CSP)
Technologies

LEAP,
MARKAL, GAMS

CSP shows high potential
for emission reductions. Tech-
nological advancements re-
duce costs by 2050.

[37] LCA of Solar
Chimneys

Hybrid-
Approach Model

Solar chimneys suit arid re-
gions with low water needs
and payback periods of 2-3
years.

[49] LCA with De-
sign Alternatives

SimaPro with
Ecoinvent v2.2

Thermal Energy Storage
(TES) in CSP reduces green-
house gas emissions and
improves efficiency.



2.4. PREVIOUS STUDIES ON LCA OF HYBRID POWER PLANTS 17

Ref. Method Software/Tool Key Findings

[38] LCCModel forOff-
shore Wind

Not specified Comprehensive LCC model
highlights cost reduction op-
portunities throughout lifecy-
cle.

[3] WISDEM forWind
Farm Cost Analysis

WISDEM,
Python, OpenM-
DAO

Optimized wind farm de-
signs lower costs and enhance
economic viability.

[14] LCA Onshore and
Offshore Wind En-
ergy

Siemens Wind
Power data

Onshore turbines are more
efficient, with lower CO2 per
kWh. Recycling reduces cli-
mate impact.

[7] LCA of Wind and
Solar

THEMIS,
REMix

Variable Renewable Energy
(VRE) systems show better cli-
mate performance but higher
resource depletion.

[10] Simulation and
Optimization of
Wind-Solar Hybrid
System

Particle Swarm
Optimization Al-
gorithm

Hybrid systems reduce
wind curtailment. Storage
improves stability and eco-
nomics.

[5] LCA of Solar
Power (CSP) Plant

ReCiPemethod,
IPCC 2013
method

TES enhances CSP perfor-
mance and reduces reliance
on grid electricity.

[8] LCA of Solar Pho-
tovoltaic

E3-India Model Recycling solar PV waste
supports a circular economy.
Subsidies needed for eco-
nomic feasibility.

[6] LCA of Wind
Power

Multiple eco-
nomic indicators

Analyzed cost composition
for diverse wind farm types
and settings.

[9] Hybrid Renewable
Energy Systems
Techno-economic
and Environmental
Assessment

HOMER Pro
and SimaPro

Studied 11 HRES com-
binations. Lowest LCOE
(0.319 $/kWh) achieved with
PV/WT/BAT/CONV/DG.





3 Methodology

3.1 Research Methodology

This study employs a two-stage methodological framework that integrates techno-
economic modeling and environmental life cycle assessment (LCA) to evaluate a
hybrid power plant (HPP) composed of wind turbines, photovoltaic (PV) panels,
and battery energy storage systems (BESS). The overall approach includes:

• Stage 1 – Techno-economic optimization: Conducted using the HyDesign
tool, developed by DTU, to determine the optimal configuration of the HPP
in terms of capacity and design layout.

• Stage 2 – Environmental assessment: A custom Python-based Life Cy-
cle Assessment (LCA) model is used to quantify environmental impacts
throughout the life cycle. While the model is not formally validated against
platforms like SimaPro, it is informed by emission factors and parameters
sourced from scientific reports, articles, and other credible references.

This dual-phase strategy allows for balancing economic feasibility with envi-
ronmental sustainability, and for making informed design decisions based on
site-specific inputs.

3.1.a Hybrid Power Plant Design (Hydesign)

HyDesign is an open-source tool developed by DTU, designed to simulate and
optimize the configuration and operation of hybrid systems consisting of wind
turbines, solar PV, and battery energy storage systems (BESS).

The optimization consists of two levels:

19
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• Outer sizing optimization: Adjusts the capacities ofwind, solar, and battery
systems to maximize Net Present Value over Capital Expenditure (NPV/-
CAPEX) or minimize Levelized Cost of Electricity (LCOE).

• Inner EMS optimization: It determines the optimal hourly power dispatch
between generation sources, energy storage systems, and connected loads,
balancing supply and demand while minimizing operational costs, maxi-
mizing system efficiency, and ensuring reliable performance across all time
steps.

Figure 3.1: HyDesign’s extended optimization structure for hybrid power plants.
This diagram outlines wind and PV sizing, EMS dispatch, and financial flows
across the model.[43].

How HyDesign Is Run in Practice?

To run HyDesign for a specific HPP configuration, the user begins by evaluating
a basic system setup. This is done in a Python cell where key sizing parameters
for wind, solar, and battery components are defined:
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Figure 3.2: Parameter setup for HPP evaluation in HyDesign (input)[43]

Once the system size is set, HyDesign performs the evaluation of the HPP
design using these inputs. If the results are suboptimal,Figure 3.3 (poor NPV/-
CAPEX), the tool moves to sizing optimization Figure 3.4 by adjusting these
parameters.

Figure 3.3: HPP evaluation in HyDesign (output)[43]

The model then computes the following indicators:
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• NPV: Net Present Value
• IRR: Internal Rate of Return
• LCOE: Levelized Cost of Electricity
• CAPEX: Capital Expenditures
• OPEX: Operational Expenditures
• AEP: Annual Energy Production
• GUF: Grid Utilization Factor

Figure 3.4: HyDesign input parameters and manual configuration in Sizing HPP
Model[43].

The optimization seeks to minimize the Levelized Cost of Electricity (LCOE) or
maximize the Net Present Value per Capital Expenditure (NPV/CAPEX):

min
x

{︄
− NPV

CAPEX (x)

LCOE(x)
(3.1)

The vector of design variables is:

x = {hc, sp, Prated, NWT, ρW , SMW, θtilt, θazim, rAD, BP,BEh, Cbfl}

• hc: Hub height (m) – affects wind exposure and power output.



3.1. RESEARCH METHODOLOGY 23

• sp: Specific power (MW/m2) – ratio of rated power to rotor area.
• Prated: Rated turbine power (MW).
• NWT : Number of wind turbines.
• ρW : Wind plant power density (MW/km2).
• SMW : Installed solar capacity (MW).
• θtilt, θazim: Tilt and azimuth angles of PV modules.
• rAD: PV DC/AC inverter ratio.
• BP : Battery power capacity (MW).
• BEh: Battery energy storage capacity (MWh).
• Cbfl: Penalty cost for battery fluctuation.

System Submodels

Wind Energy Model

Wind power output is calculated using:

PWT (WS) = NWT × Prated × (1−WL(WS)) (3.2)

Where WL(WS) denotes wind wake losses estimated from surrogate modeling.

Solar PV Model

PV output is modeled as:

PPV = SMW × ηPV × f(θtilt, θazim) (3.3)

Where ηPV is module efficiency and f represents orientation correction.

Battery Degradation Model

Battery lifetime degradation is modeled by:

fd =

nR∑︂
j=1

(SDoD,j + Stc,j) · SSoC,j · STc (3.4)

With SDoD, Stc, SSoC , and STc capturing depth-of-discharge, calendar aging, state-
of-charge, and thermal degradation.
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Energy Management System (EMS)

The EMS optimization maximizes energy market revenue:

max
∑︂
t

(Pr(t) ·H(t))− l − lb (3.5)

Where Pr(t) is electricity price, H(t) output power, and l, lb are penalties for
peak-hour mismatch and ramping.

Cost Modeling

Capital Expenditure (CAPEX)

The total capital expenditure is calculated as:

CCAPEX = CW + CS + CB + Cgrid

This formula represents the aggregated investment needed to establish the
hybrid power plant (HPP). The term CW refers to the cost of wind turbines, in-
cluding the procurement, transportation, foundation works, and installation of
turbine hardware and related electrical systems. CS captures the expenses asso-
ciated with solar photovoltaic (PV) installation, such as PV modules, inverters,
support structures, wiring, and installation labor. CB accounts for the cost of
the battery energy storage system (BESS), covering battery cells, battery manage-
ment systems, enclosures, power electronics, and safety systems. Finally, Cgrid
represents the infrastructure costs for connecting the hybrid system to the main
grid, including substations, transmission lines, SCADA systems, and grid com-
pliance equipment. These components collectively define the upfront investment
required to construct a fully operational HPP. [39]

Operational Expenditure (OPEX)

The operational expenditure over the plant’s lifetime is defined as:

COPEX = Cfixed + Cvariable

Here, Cfixed includes recurring annual costs that are largely independent of sys-
tem output, such as scheduled maintenance, system inspections, administrative
costs, insurance, and site leasing fees. In contrast, Cvariable represents the opera-
tional costs that fluctuate based on the amount of energy generated and usage
patterns. This includes expenses such as component wear and tear, unscheduled
repairs, cleaning of solar panels, battery replacements, and inverter servicing.
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Together, these ensure the continued functionality and reliability of the hybrid
power plant over its operational life.

Total Cost

The overall lifetime cost of the hybrid power system is the sum of the capital and
operational expenditures:

Ctotal = CCAPEX + COPEX

This total cost metric is essential for comparing different system configurations
in techno-economic analysis. It provides a comprehensive view of both upfront
investment and long-term operational burdens, supporting more informed deci-
sions in system design and optimization.[39]

3.1.b Life Cycle Assessment of the Hybrid Power Plant

Life Cycle Assessment (LCA) is a well-established methodological framework
used to quantify the environmental impacts associated with every stage of a
product’s life cycle—from the extraction of raw materials and manufacturing pro-
cesses to distribution, usage, and end-of-life treatment [16]. This comprehensive
“cradle-to-grave” approach [27] is especially suited for evaluating energy systems
with complex supply chains and extended lifespans.

In contrast to conventional evaluation techniques that often focus on a single life
stage—such as emissions during operation—LCA offers an integrated assessment
that captures both direct and indirect environmental burdens. When applied to
electricity generation, it considers inputs like energy resources, materials, and
infrastructure, and accounts for outputs such as electricity, emissions, and waste.

The framework for conducting an LCA is standardized under ISO 14040 and
ISO 14044 [26, 27].

Various Life Cycle Impact Assessment (LCIA) methodologies have been estab-
lished for interpreting inventory data. In this thesis, both ReCiPe 2016 [21] and
IMPACT 2002+ [28] are utilized. ReCiPe 2016 facilitates the translation of inven-
tory data into midpoint indicators (e.g., climate change, ozone layer depletion) as
well as endpoint damage categories (e.g., human health, ecosystems, resource
availability) [21]. On the other hand, IMPACT 2002+ offers a unified framework
that combines midpoint and endpoint indicators, making it particularly useful
for comparative environmental evaluations.

LCA serves as a valuable decision-support tool for policymakers, engineers,
and investors by highlighting environmental trade-offs that are often overlooked
in purely economic assessments [12]. When integrated with techno-economic
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analysis, LCA contributes to a more complete and informed evaluation of the
sustainability of renewable energy technologies.



4 Case Study(Nørhede-Hjortmose-
Denmark)

Renewable energy technologies are not completely carbon-free when considering
their entire life cycle. It is important to evaluate their environmental impacts
before planning new power plants.[13].

This case study focuses on the Nørhede-Hjortmose hybrid renewable energy
park located in Ringkøbing, Denmark. The wind farm section includes 22 Vestas
V112-3.3 MW turbines (totaling 72.6 MW), while the solar power plant has a
capacity of 132 MW, sufficient to power approximately 42,000 households. The
park is owned by AURA Energi, Møllelauget Nørhede-Hjortmose Vindkraft I/S, and
Encavis AG, with operation handled by Vestas Wind Systems. Although the wind
section became partially operational in 2013, the entire system is expected to be
fully functional by 2026.

The site location is at a latitude of 56, longitude of 8, and an altitude of 17.0
meters above sea level. The solar panels used aremonocrystalline siliconmodules,
optimized for high irradiance conditions and installed without tracking systems.

4.1 HyDesign-Based Sizing Scenarios

To evaluate the techno-economic feasibility of the Nørhede-Hjortmose hybrid
power plant, four configurations were simulated using the HyDesign tool [44].
The site is located near Ringkøbing in western Denmark. As seen in the map
(Figure 4.1), this region offers strong wind conditions and ample open land,
making it suitable for the development of hybrid renewable energy.
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Figure 4.1: Nørhede-Hjortmose hybrid power plant site near Ringkøbing.

Figure 4.2: Hybrid power plants at Nørhede-Hjortmose.
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Configuration 1: Fixed System with Battery Storage

In Configuration 1, several system parameters were initially fixed to allow a
baseline comparison. The grid interconnection limit was set at 150 MW. The
selected wind turbine had a rated power of 3.3MW, and a total of 22 turbines were
installed, resulting in a wind farm capacity of 72.6 MW. The solar photovoltaic
(PV) component was sized at 132 MW. Additionally, a battery energy storage
system (BESS) was incorporated, providing 80 MW of discharge power and 3
hours of storage duration, corresponding to 240 MWh of energy storage capacity.

The number of batteries required throughout the project lifetime (two replace-
ments),rotor diameter (144.943 meters) and hub height (116.471 meters) were
determined by HyDesign during the system sizing optimization process.

Table 4.1: Configuration 1 – System Setup

Parameter Value
Location Denmark (loc14) - Config 1
Grid [MW] 150
Rated Power Prated [MW] 3.3
Number of Turbines (NWT) 22
Wind Capacity [MW] 72.6
Solar Capacity [MW] 132
Battery Power [MW] 80
Battery Energy [h] 3
Battery Energy [MWh] 240
Number of Batteries Used 2
Rotor Diameter [m] 144.943
Hub Height [m] 116.471
Plant Area [km2] 14.516
NPV/CAPEX 0.648
Total Curtailment [GWh] 92.554
GUF 0.341

The inclusion of battery storage reduced curtailment significantly to 92.554
GWh and improved the Grid Utilization Factor (GUF = 0.341). However, due to
the additional capital and replacement costs associated with the battery system,
the overall economic performance was modest, with a NPV/CAPEX ratio of only
0.648.
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Configuration 2: Fixed System without Battery Storage

In Configuration 2,system parameters such as the grid capacity (150 MW), wind
turbine rated power (3.3 MW), number of turbines (22), total wind capacity (72.6
MW), and solar capacity (132 MW) were fixed similarly to Configuration 1.

Themajor difference in this configuration was the removal of the battery energy
storage system (BESS). The rotor diameter (134 meters) and hub height (126
meters) were optimized by HyDesign .

Table 4.2: Configuration 2 – System Setup

Parameter Value
Location Denmark (loc14) - Config 2
Grid [MW] 150
Rated Power Prated [MW] 3.3
Number of Turbines (NWT) 22
Wind Capacity [MW] 72.6
Solar Capacity [MW] 132
Battery Power [MW] 0
Battery Energy [h] 0
Battery Energy [MWh] 0
Number of Batteries Used 0
Rotor Diameter [m] 134
Hub Height [m] 126
Plant Area [km2] 14.52
NPV/CAPEX 0.812
Total Curtailment [GWh] 145.83
GUF 0.331

By eliminating the battery, capital expenditures (CAPEX) were significantly
reduced, leading to a marked improvement in the economic indicator (NPV/-
CAPEX = 0.812). However, the absence of energy storage capacity caused a higher
level of curtailed energy (145.83 GWh) and slightly lower grid utilization (GUF =
0.331) compared to the battery-supported system.

Configuration 3: Variable System without PtG

In Configuration 3, the only fixed parameter was the grid connection limit (150
MW), while all other system specifications—including wind turbine sizing, num-
ber of turbines, and solar PV capacity—were treated as variable and optimized
by HyDesign.
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A larger wind turbine model rated at 9MWwas selected, reducing the required
number of turbines to 15. This resulted in a total installed wind capacity of 135
MW. The solar PV capacity was independently optimized to 134 MW based on
resource availability and cost-effectiveness criteria. No battery energy storage
system (BESS) or Power-to-Gas (PtG) facilities were included in this configuration.

The rotor diameter (178.661 meters) and hub height (125.33 meters) were se-
lected through HyDesign’s optimization.

Table 4.3: Configuration 3 – System Setup

Parameter Value
Location Denmark (loc14) - Config 3
Grid [MW] 150
Rated Power Prated [MW] 9
Number of Turbines (NWT) 15
Wind Capacity [MW] 135
Solar Capacity [MW] 134
Battery Power [MW] 0
Battery Energy [h] 0
Battery Energy [MWh] 0
Number of Batteries Used 0
Rotor Diameter [m] 178.661
Hub Height [m] 125.33
Plant Area [km2] 22.899
NPV/CAPEX 0.817
Total Curtailment [GWh] 512.144
GUF 0.422

Although energy curtailment rose significantly to 512.144 GWh due to larger
installed capacities, the economic performance slightly improved with an NPV/-
CAPEX ratio of 0.817. Moreover, the Grid Utilization Factor (GUF) increased to
0.422, indicating a better alignment between generation profiles and grid export
capabilities despite the higher surplus energy.

Configuration 4: Variable System with PtG Integration

In Configuration 4, only the grid export limit (150 MW) was kept fixed, while the
sizing of the wind farm, solar PV installation, and Power-to-Gas (PtG) electrolyzer
capacity were variable and optimized using HyDesign.

This scenario introduced a large-scale hydrogenproduction component through
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PtG technology. A 9MW ratedwind turbinemodel was selected, with the number
of turbines significantly increased to 45, resulting in a substantial installed wind
capacity of 405 MW. The solar capacity was optimized to 204 MW. No battery
energy storage system was included.

A dedicated electrolyzer capacity of 188 MW was installed to convert surplus
renewable electricity into hydrogen. Additionally, a hydrogen storage system
(HSS) was included, designed to handle 3169 kg of hydrogen.

Table 4.4: Configuration 4 – System Setup

Parameter Value
Location Denmark (loc14) - Config 4
Grid [MW] 150
Rated Power Prated [MW] 9
Number of Turbines (NWT) 45
Wind Capacity [MW] 405
Solar Capacity [MW] 204
Battery Power [MW] 0
Battery Energy [h] 0
Battery Energy [MWh] 0
PtG Capacity [MW] 188
Hydrogen Storage (HSS) [kg] 3169
Plant Area [km2] 47.36
NPV/CAPEX 1.698
Total Curtailment [GWh] 3510.9
GUF 0.384

Despite a significant increase in total curtailment (3510.9 GWh) due to large re-
newable overproduction, the integration of PtG led to a remarkable improvement
in financial performance. The NPV/CAPEX ratio reached 1.698—the highest
among all configurations—highlighting the strong potential of hydrogen pro-
duction to enhance hybrid renewable system profitability. The Grid Utilization
Factor (GUF) slightly decreased compared to Configuration 3 but remained at a
reasonable level (0.384), showing effective utilization of the fixed grid capacity
even with the expanded generation assets.

4.2 LCA-Based Environmental Evaluation

Life Cycle Assessment (LCA) is a standardizedmethod, as described by ISO 14040
and 14044 [26, 27], for evaluating the environmental impacts of a product, process
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or system. It involves four essential stages:

4.2.a Goal and Scopes

This study applies Life Cycle Assessment (LCA) to evaluate the environmental
impacts of a hybrid power plant (HPP) integrating wind and solar photovoltaic
(PV) technologies, with optional battery energy storage. The analysis is based on
the Nørhede-Hjortmose renewable energy plant located in Ringkøbing, Denmark,
which includes 22 Vestas V112-3.3 MW wind turbines (72.6 MW total) ,a 132 MW
PV system and 240 MWh Battery system.

The goal of this LCA is to quantify the life cycle environmental impacts as-
sociated with the manufacturing, transportation, and end-of-life treatment of
the major system components. The system boundaries include upstream and
downstream processes relevant to these three life cycle phases.

Functional Unit

The functional unit for this LCA study is defined as: 1 MWh of grid-delivered
electricity from a hybrid power plant in Nørhede-Hjortmose over a 25-year lifes-
pan.

System Boundaries

The system boundary of this study adopts a cradle-to-grave perspective, en-
compassing all relevant stages from raw material extraction to end-of-life (EoL)
disposal. The system is divided into foreground and background processes to
ensure clarity and methodological consistency.
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Figure 4.3: System boundary of the hybrid power plant including wind, solar PV,
and battery systems.

As illustrated in Figure 4.3, the foreground system includes the main life cycle
stages that are directly modeled in this study:

• Manufacturing: This stage represents one of the most emission-intensive
phases of the hybrid power plant’s life cycle. It encompasses the com-
plete production process of key subsystems—wind turbines, photovoltaic
(PV) modules, and battery energy storage systems (BESS). Each subsystem
involves distinct components and materials, with unique environmental
implications.

ForPV systems, manufacturing includes the fabrication of solar panels—pri-
marily based on crystalline silicon technology—as well as the production
of balance-of-system (BOS) components such as aluminum mounting struc-
tures, copper wiring, inverters, and transformers. The process is highly
energy-intensive, especially during the purification of silicon and wafer
production, contributing significantly to upstream greenhouse gas (GHG)
emissions.

For wind energy systems, the manufacturing process involves large-scale
structural components including turbine blades made from composite ma-
terials (e.g., fiberglass and epoxy resin), steel towers, cast iron nacelles, and
internal generators. These components require substantial quantities of
raw materials such as steel, copper, balsa wood, and rare earth elements.
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The high mass and volume of these items result in considerable energy
consumption and emissions during raw material extraction, processing,
and component assembly.

For battery systems, the manufacturing phase includes the production of
electrochemical cells—commonly based on lithium iron phosphate (LFP)
chemistry—as well as battery management systems, casing, and thermal
control elements. Keymaterials include lithium salts, graphite, steel, copper,
and high-performance polymers. The mining and refinement of critical
minerals such as lithium and cobalt are particularly impactful in terms of
environmental degradation and human toxicity categories.

Throughout all subsystems, the manufacturing stage accounts for the con-
sumption of raw materials (RW), direct and indirect energy inputs (En),
and the generation of emissions (Em), particularly in the form of carbon
dioxide equivalents (CO2-eq). These emissions are quantified using life
cycle inventory data and emission factors sourced from publicly available
databases and literature.

• Transportation: This stage involves the logistics and delivery of manu-
factured components—such as wind turbines, PV modules, and batter-
ies—from their respective production sites to the hybrid power plant (HPP)
installation site. Due to the considerable size and weight of many compo-
nents, especially wind turbine towers, blades, and nacelles, transportation
can contribute significantly to upstream life cycle emissions.

Multiple transport modes are considered, including truck, rail, and ship,
each associatedwith different emission factors (kgCO2-eq per tonne-kilometer).
Emissions for this stage are computed based on the selected transport mode,
estimated travel distances, and the mass of each component. In particular,
long-haul trucking—which is commonly used for the final leg of deliv-
ery—has been identified as a major contributor to transportation-related
CO2 emissions.

For photovoltaic systems, the relatively lightweight nature of the compo-
nents results in moderate transport emissions, whereas the wind subsystem,
with its heavy and voluminous parts, dominates this category. Batteries,
while compact, may be sourced from distant locations and require regulated
shipping conditions, which can also elevate transport impacts. Accurate
logistics modeling in this stage is critical for capturing realistic supply chain
emissions.

• End-of-Life (EoL): The EoL phase encompasses the dismantling, separation,
treatment, and disposal of system components once the HPP reaches the
end of its operational lifetime. This stage considers four primary treatment
routes: recycling, landfilling, incineration, and hazardous waste handling,
each with its own environmental implications and recovery efficiencies.
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For PV systems, common recyclable materials include aluminum frames,
glass sheets, and silicon wafers. However, the presence of encapsulants and
toxic substances can hinder full recyclability. Wind systems allow for high
recovery of materials such as steel (from towers), copper (from electrical
wiring), and cast iron (from nacelles), though the composite blades remain a
recycling challenge due to thermoset resin content and fiber reinforcement.
Battery systems, particularly lithium-ion variants, contain valuable and
hazardous materials like lithium, copper, nickel, and electrolytes. These
require specialized treatment pathways to recover useful fractions and avoid
environmental contamination. Where possible, emissions from this stage
are offset by the material recovery credits associated with recycling, which
reduce the demand for virgin resource extraction.

The background processes encompass the upstream activities that indirectly
support the system, such as fuel production, energy generation formanufacturing
operations, and raw material extraction. Due to restricted access to commercial
LCA databases (e.g., Ecoinvent, GaBi), emission factors for these background
activities are sourced from peer-reviewed literature and public datasets including
NREL, Fraunhofer ISE, IEA PVPS, and IMO reports.

4.2.b Life Cycle Inventory (LCI)

This study adopts a component-level LCI approach for each subsystem within
the hybrid power plant (HPP), covering the photovoltaic (PV), wind, and battery
energy storage systems. The scope includes upstream processes such as raw
material extraction and processing, as well as component manufacturing. The
data collection aligns with the system boundaries and functional unit defined in
the Goal and Scope phase.

For the PV subsystem, Figure 4.4 provides a graphical breakdown of themodule
construction and associated material intensities. Table 4.5 quantifies the com-
position by weight, indicating that glass (67.5%) and aluminum frame (12.7%)
dominate the system. Silicon-based solar cells, encapsulants, and backsheet ma-
terials also contribute notably. These material data are essential for estimating
both embodied energy and emissions.
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Figure 4.4: Material intensity table for a utility-scale PV system. [19].

Table 4.5: Material Inventory for Utility-Scale PV System

Component Material Mass Fraction (%)
Glass Glass 67.5
Frame Aluminum (AlMg3) 12.7
Encapsulant Ethylene-vinyl acetate (EVA) 6.7
Backsheet PVF/Glue/PET/Glue/PVF 3.7
Solar Cells Silicon (Si) 2.7

Ag/PbO 0.04
Ag/Al/PbO 0.01
Aluminum (Al) 0.07

Interconnector Copper (Cu) 1.3
Tin (Sn) 0.09
Lead (Pb) 0.09

Junction Box (J-Box) GRP/Polyamide 1.6
Silicones 1.2
Diodes/Cables 0.02

The material lists used in this study are based on reliable datasets from NREL
(2020), Fraunhofer ISE (2024), and IEA PVPS (2020) [40, 23, 19, 22]. For the battery
storage system, Table 4.6 provides a detailed breakdown of battery components
by weight. Battery cells themselves comprise over 60% of the total mass, with
additional contributions from the anode, cathode, case, and cooling systems.
These data points are used to estimate embodied emissions from lithium, copper,
graphite, and other specialized materials common to Li-ion battery chemistry.
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Table 4.6: Mass distribution of battery components [22].

Battery weight 253.0 kg (100%)

Battery cell 152.3 kg (60.3%)

Anode 59.0 kg (23.6%)

Cathode 65.0 kg (26%)

Separator 3.3 kg (1.3%)

Electrolyte 24.0 kg (9.6%)

Cell container 1.0 kg (0.4%)

Battery case 81.0 kg (32%)

BMS 9.4 kg (3.7%)

Cooling system 10.0 kg (4.0%)

The LCI for the wind subsystem is based on average material intensities per
megawatt (MW) of installed capacity. Figure 4.5 presents the material breakdown
by subcomponent (e.g., nacelle, tower, blades), showing the dominant use of steel,
cast iron, and composites in both onshore and offshore installations. These values
are scaled based on the rated capacity of the Nørhede-Hjortmose wind farm (22
× 3.3 MW) to calculate total environmental loads.
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Figure 4.5: Material per MW for modern onshore and offshore wind power
systems, Source: NREL (2021) [40].

A complete list of life cycle inputs and outputs for all three subsystems, cov-
ering raw materials, energy consumption, and emissions across manufacturing,
transportation, and end-of-life stages, is provided in Appendix C for reference
and transparency.

4.2.c Life Cycle Impact Assessment(LCIA)

The Life Cycle Impact Assessment (LCIA) phase translates inventory results into
potential environmental impacts. In this study, the primary focus is on quantify-
ing greenhouse gas (GHG) emissions—expressed as carbon dioxide equivalents
(CO2-eq)—across all life cycle stages of the hybrid power plant (HPP), which
comprises wind turbines, photovoltaic (PV) modules, and battery energy storage
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systems. Emission factors were applied to the inventory data using a Python-
based LCA tool, enabling the calculation of CO2-eq emissions by subsystem and
life cycle stage. After the techno-economic optimization with HyDesign, the
Nørhede-Hjortmose hybrid power plant was further assessed environmentally
using a Python-based Life Cycle Assessment (LCA) framework developed for
this study. The tool takes the capacities of each subsystem—wind, solar, and
battery—as input, and generates component-level material inventories (weights
and types). The goal is to assess the emission generated during the life of the
system. Figure 4.6 shows the weight distribution of the system by component.

Figure 4.6: System weight distribution for wind, solar, and battery systems.

In the first step, based on inventories and emission factors, the manufacturing
emissions were calculated. Due to limited access to commercial LCA databases
most emission factors were derived from publicly available literature and sources
. [25], NREL [46], Fraunhofer ISE [19], IEA PVPS [24], and battery LCA literature
[17, 35].

In the second step, the user selects the location of the hybrid power plant
(HPP) and manufacturing sites for each component of the subsytem. Using this
information and the chosen transportation modes (truck, rail, ship), the tool
calculates transport emissions based on actual distances. Figure 4.7 visualizes
the selected manufacturers and routes.
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Figure 4.7: Transportation routes from manufacturers to the HPP site.

The pie chart Figure 4.8 breaks down the emissions by transport mode. Truck
transportation accounts for the highest share (87.9%), followed by rail (6.9%) and
ship (5.2%), highlighting the dominance of road freight in the hybrid system’s
supply chain. The bar chart Figure 4.9 quantifies emissions by individual compo-
nents, showing that wind turbines contribute the majority of transport-related
CO2 emissions due to their size and mass.

Figure 4.8: emissions by transport mode.



42 CHAPTER 4. CASE STUDY(NØRHEDE-HJORTMOSE-DENMARK)

Figure 4.9: Transportation emissions by component (kg CO2-eq).

In manufacturing stage ,as shown in Figure 4.10,the bar chart quantifies the
total manufacturing emissions by system, highlighting that wind turbines alone
account for more than half of all emissions in this stage. This is consistent with
their higher steel and concrete content and larger infrastructure demands com-
pared to PV modules and batteries.

Figure 4.10: Manufacturing emissions by system (kg CO2-eq).

The pie chart 4.11 provides a proportional view of themanufacturing emissions.
Wind turbines represent 55.0% of the total, while PV systems contribute 39.1%
and battery systems account for only 5.8%. These shares are directly influenced
by system capacities and the material intensity of each component.
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Figure 4.11: Percentage breakdown of manufacturing emissions by system.

Finally, in the end-of-life stage, each material is assigned to one or more treat-
ment methods including recycling, landfill, hazardous, or incineration. Emissions
are then calculated using method-specific emission factors. Figure 4.12 displays
component-level EOL emissions and the distribution of disposal methods.

Figure 4.12: End-of-life emissions.

The overall life cycle emissions for each system—wind, solar (PV), and bat-
tery—are summarized in Figure 4.13. This stacked bar chart breaks down total
emissions into three distinct stages: manufacturing, transportation, and end-of-
life (EOL).

As shown, the wind subsystem exhibits the highest total emissions at approxi-
mately 57.7 million kg CO2e, followed by the PV system at 38.9 million kg CO2e,
and the battery system at 5.8 million kg CO2e. Notably, manufacturing is the
dominant contributor across all systems, with transportation and EOL stages



44 CHAPTER 4. CASE STUDY(NØRHEDE-HJORTMOSE-DENMARK)

representing smaller shares.
These results reflect the substantial mass and complexity of wind turbine

components, which require significant raw materials such as steel, concrete,
and fiberglass. For PV systems, emissions are primarily tied to silicon wafer
production and module assembly. Battery systems contribute the least emissions,
owing to their relatively lower material weight and simpler transport logistics in
this case study.

This figure provides a consolidated view of the total environmental footprint of
each subsystem and underscores the importance of focusing emission reduction
strategies on the manufacturing stage, where the largest gains can be made.

Figure 4.13: Total Life Cycle Emissions-(kg CO2-eq).

While this study emphasizes CO2-eq due to data constraints, the Python tool
also estimates additional midpoint categories from the ReCiPe 2016 and IMPACT
2002+methodologies. These include land use, resource depletion, human toxicity,
and others. Due to higher uncertainty in non-climate categories, these results
are treated as indicative only. To provide a broader environmental perspective,
Figure 4.14 illustrates the life cycle impacts for wind, PV, and battery systems
across ReCiPe 2016 midpoint categories.
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Figure 4.14: Life cycle impact comparison by system using ReCiPe 2016 midpoint
impact categories.

As seen in the chart, the wind subsystem shows the highest impact across
nearly all categories, including:

• Fossil resource depletion
• Global warming
• Mineral resource use
• Particulate matter formation
• Human toxicity (cancer and non-cancer)
• Ionizing radiation
• Land use transformation

These impacts stem from the large quantities of steel, concrete, and composites
required, as well as transport-related emissions due to heavy and bulky compo-
nents.

The PV subsystem has moderate impacts, particularly in:

• Freshwater and marine ecotoxicity
• Terrestrial acidification and ecotoxicity
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• Tropospheric ozone formation

These are attributed to aluminum, copper, and silicon extraction and the high
energy demand of PV manufacturing.

Despite being the smallest system in terms of energy capacity, the battery
subsystem contributes to:

• Human toxicity
• Metal depletion
• Ionizing radiation

These are linked to the mining and processing of lithium, cobalt, and graphite,
as well as low recycling rates at EOL.

For detailed numerical data on emissions per system and life cycle stage, refer
to Appendix C – LCI Emission Tables for Hybrid Systems.

4.2.d Interpretation

The analysis shows that the wind subsystem is the most dominant in terms of
total life cycle environmental impact. This is evident across several midpoint
categories including climate change, fossil resource use, human toxicity, and
mineral depletion. The primary cause is the extensive infrastructure associated
with onshore wind turbines, especially the use of steel in towers and concrete in
foundations. The highmass of thesematerials, combinedwith long transportation
distances, results in significant embedded emissions during both manufacturing
and delivery stages. Additionally, the large nacelle and composite blades add
further emissions, particularly in the end-of-life phase where composite recycling
remains limited.

The photovoltaic (PV) subsystem contributes moderate impacts across most
categories. Emissions are primarily concentrated in the upstream manufacturing
phase, especially during the energy-intensive purification of silicon and the
production of aluminum frames. While PV systems have relatively lower mass
compared to wind, the embodied energy in wafer production and mounting
infrastructure makes them significant contributors in the categories of freshwater
ecotoxicity, marine ecotoxicity, and metal depletion. However, their relatively
high recyclability at end-of-life—particularly of glass and aluminum—offers some
offsetting benefits.

The battery subsystem, although much smaller in terms of installed capacity,
contributes disproportionately in several high-impact categories such as human
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toxicity, ionizing radiation, and resource scarcity. These impacts are closely linked
to the extraction and processing of lithium, cobalt, and nickel for cathode mate-
rials, as well as graphite and copper for anodes and current collectors. Despite
accounting for only a fraction of the total system mass, the environmental foot-
print per MWh of storage is high, especially due to low recycling rates and the
hazardous nature of certain battery components. End-of-life emissions remain
substantial, particularly when recycling infrastructure is not optimized.

Life Cycle Stage Comparison

From a life cycle stage perspective, manufacturing is by far the most emission-
intensive phase for all subsystems. It accounts for over 70% of total CO2-eq
emissions in the case of wind and PV, and nearly 85% for the battery system.
These emissions are closely tied to rawmaterial production, electricity use during
processing, and industrial-scale fabrication.

Transportation contributes between 5–15% of total emissions, depending on
subsystem and distance to site. In the case of wind turbines, the size and mass of
components like towers and blades amplify the role of transportation, especially
when marine and long-haul road freight are used. While PV and battery com-
ponents are lighter, global supply chains still introduce considerable emissions,
particularly when shipping is used.

The end-of-life (EOL) phase plays a dual role: it introduces emissions through
waste handling (landfilling and incineration), but also allows for partial emissions
offsets through material recovery. Wind turbines show the highest recycling po-
tential in steel components, whereas PV modules offer high glass and aluminum
recovery. Batteries are more challenging—although recycling technology exists,
only about 50% of lithium and 30–40% of other valuable metals are currently
recoverable in practice. The environmental burden of residual waste and haz-
ardous fractions (e.g., electrolyte and cathode residues) remains a concern.





5 Results and Discussion

5.1 Techno-Economic Performance

The techno-economic evaluation using the HyDesign tool revealed how different
system configurations influence the financial feasibility of the hybrid power plant
(HPP). Configurations 1 and 2, which maintained fixed capacities for wind and
solar but differed in battery integration, provided a direct comparison between
systems with and without storage. Configuration 1, which included an 80 MW
battery system with 3 hours of storage, achieved a NPV/CAPEX ratio of 0.648.
In contrast, Configuration 2, which eliminated the battery system, improved the
economic outcome to an NPV/CAPEX ratio of 0.812.

Configurations 3 and 4 involved variable system sizing, allowing wind, solar,
and hydrogen capacities to be optimized according to techno-economic criteria.
Configuration 3, without hydrogen integration, further improved the NPV/-
CAPEX ratio to 0.817, while Configuration 4, which incorporated a 188 MW
Power-to-Gas (PtG) electrolyzer, achieved the highest economic performance
with a NPV/CAPEX ratio of 1.698. This confirms that hydrogen integration can
significantly enhance the financial returns of hybrid systems, especially when
surplus renewable generation is high.

Across all configurations, trends showed that increasing the flexibility of system
sizing and integrating sector-coupling technologies such as PtG can yield better
economic performance, despite the associated increases in plant size, complexity,
and energy curtailment.
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5.2 Environmental Results

The environmental analysis focused on three key stages: manufacturing, trans-
portation, and end-of-life (EOL). Manufacturing emerged as the dominant con-
tributor to total life cycle CO2-equivalent emissions for all subsystems.

Wind turbines accounted for approximately 55% of manufacturing emissions
due to the large quantities of steel, concrete, andfiberglass used. Solar PVmodules
contributed around 39%, while battery systems added about 6% to the total
manufacturing emissions.

Transportation emissions were dominated by truck transport, representing
nearly 88% of the logistics-related CO2 emissions. Components such as wind
turbine blades and towers, which are bulky and heavy, were major contributors
to transport emissions.

At the end-of-life stage, recycling rates varied depending on material type.
Steel and aluminum achieved relatively high recovery rates, while composite
materials such as fiberglass had lower recycling potentials. Landfilling and
hazardous disposal methods contributed additional emissions, particularly from
non-recyclable components.

Overall, the total life cycle emissions were highest for the wind subsystem (57.7
million kg CO2-eq), followed by the solar subsystem (38.9 million kg CO2-eq),
and the battery subsystem (5.8 million kg CO2-eq).

5.3 Comparison of Configurations

A number of trade-offs were identified when comparing different system designs:

• Curtailment vs. Economic Performance: Removing the battery improved
economic outcomes but increased curtailment, as observed between Con-
figurations 1 and 2.

• Material Intensity vs. Energy Yield: Larger turbines (in Configurations 3
and 4) improved grid utilization and economic performance, but increased
material demand and environmental footprint.

• PtG Integration: The addition of a hydrogen system (Configuration 4)
provided the highest economic benefit, but came at the cost of a larger land
area (47.36 km2) and extremely high curtailment (3510.9 GWh).

These findings emphasize that optimization must balance multiple objectives:
minimizing costs, reducing emissions, and efficiently utilizing resources and
land.
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5.4 Limitations and Uncertainties

While the combined techno-economic and environmental analysis provides im-
portant insights, several limitations must be acknowledged:

• Database Constraints: Emission factors were sourced from open literature
instead of commercial LCA databases like Ecoinvent, limiting precision.

• Simplified Operational Phase: Due to minimal emissions during system
operation and lack of long-term operational data, this phase was excluded.

• End-of-Life Modeling: Recycling rates and disposal methods were based
on generalized literature values rather than site-specific waste management
practices.

Despite these limitations, the framework developed offers a transparent, repro-
ducible, and insightful evaluation of hybrid renewable energy systems.





6 Conclusion and Future Work

6.1 Conclusion

This thesis studied how to design and evaluate a hybrid power plant (HPP) made
of wind turbines, solar panels (PV), and battery storage (BESS). Two tools were
used: the HyDesign software for system optimization, and a Python-basedmodel
to calculate environmental impacts using Life Cycle Assessment (LCA).

The economic analysis showed that the way we size the system and combine
the components has a big effect on costs and benefits. Systems with fixed designs
that included large batteries were more expensive. In contrast, systems where
wind, solar, and hydrogen production were optimized (like Configuration 4)
performed much better financially, reaching the highest NPV/CAPEX ratio of
1.698.

The environmental analysis focusedmainly on CO2 emissions from three stages:
manufacturing, transportation, and end-of-life. Wind turbines were the largest
source of emissions, followed by solar panels and then batteries. Transport
emissions were mostly caused by trucks, showing that choosing nearby suppliers
could reduce impacts. Batteries only added a small share of emissions but their
cost-effectiveness depended a lot on how much curtailment they helped avoid.

Different designs showed important trade-offs between cost, energy loss (cur-
tailment), land use, and environmental impact. This means that system design
always needs careful planning to balance technical, economic, and environmental
goals.

Although this study faced some limits — like not using full commercial LCA
databases and using some estimated data — it still built a clear and practical
framework to assess hybrid renewable systems.
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6.2 Future Work

In this project, the developed Life Cycle Assessment (LCA) tool evaluates the
environmental impacts of three major subsystems in hybrid renewable systems:
photovoltaic (PV) panels, wind turbines, and battery energy storage. However,
a major direction for future work is to expand this tool to include Power-to-
X (P2X) technologies, such as hydrogen, ammonia, and methanol production.
These technologies are alreadymodeled in theHyDesign optimization framework,
including different types of energy storage, and integrating them into the LCA tool
would allow for a more comprehensive environmental assessment of advanced
hybrid power systems.

Another area for future exploration is related to hybrid power plant (HPP)
sizing. In this thesis, the system sizing was based on participation in a single
market scenario. However, in real-world applications, HPPs may participate in
multiple energy markets, such as electricity spot markets, balancing markets,
and hydrogen trading markets. Future work can include a sensitivity analysis to
investigate how market-specific participation strategies affect the optimal system
configuration. This would improve the understanding of how economic drivers
and energy policies influence the environmental and financial performance of
hybrid renewable systems.
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LCA Life Cycle Assessment
HPP Hybrid Power Plant
PV Photovoltaic
WT Wind Turbine
BESS Battery Energy Storage System
PtG Power-to-Gas
GHG Greenhouse Gas
GUF Grid Utilization Factor
CAPEX Capital Expenditure
OPEX Operational Expenditure
NPV Net Present Value
LCOE Levelized Cost of Electricity
EOL End of Life
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
MJ Megajoule
CO2e Carbon Dioxide Equivalent
kg Kilogram
MW Megawatt
MWh Megawatt-hour
t/km tonne-kilometer
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Appendix A – Python-Based LCA
Tool

This Python-based Life Cycle Assessment (LCA) tool is designed to estimate
the environmental impacts—particularly CO2 emissions—of a hybrid renewable
energy system. The workflow follows these main stages:

Input stage: The user provides system parameters, including wind power plant
capacity, solar power plant capacity, and battery energy storage capacity, through
interactive sliders.

Transportation emissions calculation: Based on the selected component capaci-
ties and the geographic location of the nearest manufacturers, the tool calculates
transportation-related CO2 emissions using mode-specific emission factors (truck,
rail, or ship).

Manufacturing emissions calculation: Using detailed material breakdowns
for each subsystem (wind, solar, battery), the tool estimates the manufacturing
emissions by applying appropriate emission factors for each material type.

End-of-life (EOL) emissions calculation: The tool estimates emissions associ-
ated with the disposal or recycling of system components, considering material-
specific treatment methods.

Summary stage: Finally, the tool aggregates all CO2 emissions across the life
cycle stages and presents a total summary, giving the user a full picture of the
system’s environmental footprint.

This tool is modular, interactive, and designed to support decision-making by
providing clear visualizations and breakdowns of emissions hotspots.

1

2 # --- Import required libraries ---
3 import pandas as pd
4 import numpy as np
5 import matplotlib.pyplot as plt
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6 import ipywidgets as widgets
7 from IPython.display import clear_output , display
8 from geopy.distance import geodesic
9

10 # --- Load site and manufacturer data ---
11 sites = pd.read_csv('examples_sites.csv', sep=';')
12 manufacturers = pd.read_csv('manufacturers.csv')
13

14 # --- Select a site ---
15 SELECTED_SITE = 'Denmark_hybridization'
16 site_info = sites[sites['name'] == SELECTED_SITE].iloc[0]
17

18 # --- Setup system parameters ---
19 wind_capacity = widgets.FloatSlider(...)
20 pv_capacity = widgets.FloatSlider(...)
21 battery_capacity = widgets.FloatSlider(...)
22 transport_mode = widgets.ToggleButtons(...)
23

24 # --- Transportation emissions calculator ---
25 def determine_transport_mode(distance_km , from_country , to_country):
26 if distance_km <= 200:
27 return "truck"
28 elif distance_km <= 500:
29 return "rail"
30 else:
31 return "ship"
32

33 emission_factors = {"truck": 0.12, "rail": 0.03, "ship": 0.01} # kg
CO2-eq/tkm

34

35 # --- Example for calculating emissions ---
36 def calculate_transport_emissions(weight_tons , distance_km , mode):
37 return weight_tons * distance_km * emission_factors[mode]
38

39 # --- Simplified weight analysis display function ---
40 def display_component_weights(component_df):
41 grouped = component_df.groupby('component_name')['weight_kg'].sum

()
42 total = grouped.sum()
43 for name, weight in grouped.items():
44 print(f"{name}: {weight:.1f} kg ({weight/total*100:.1f}%)")
45

46 # --- Display setup ---
47 display(wind_capacity , pv_capacity , battery_capacity , transport_mode)
48

49 \vspace{1em}
50

51 # Run Manufacturing Emissions Analysis
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52 manufacturing_button = widgets.Button(description="Calculate
Manufacturing Emissions")

53 manufacturing_button.on_click(on_manufacturing_button_clicked)
54 display(manufacturing_button)
55

56 # Run End-of-Life Emissions Analysis
57 eol_button = widgets.Button(description="Calculate EOL Emissions",

button_style='danger')
58 eol_button.on_click(on_eol_button_clicked)
59 display(eol_button)
60

61 # Run Total Life Cycle Assessment
62 lifecycle_button = widgets.Button(description="Calculate Total LCA",

button_style='success')
63 lifecycle_button.on_click(on_lifecycle_button_clicked)
64 display(lifecycle_button)
65

66 # Run Full LCA with Impact Category Filtering
67 full_lca_button = widgets.Button(description='Run Full LCA',

button_style='danger')
68 full_lca_button.on_click(on_full_lca_button_clicked)
69 display(full_lca_button)





Appendix B – Impact Categories
in Life Cycle Assessment

This appendix provides an overview of the environmental impact categories used
in two widely adopted Life Cycle Assessment (LCA) methods: ReCiPe 2016 and
IMPACT 2002+. These categories help quantify various types of environmental
damage caused throughout a product or system’s life cycle.

ReCiPe 2016 Impact Categories

ReCiPe 2016 offers both midpoint and endpoint indicators. Midpoints refer to
specific environmental mechanisms, while endpoints group these into broader
damage areas.

Midpoint Categories and Definitions

• Climate Change: Greenhouse gas emissions causing global warming.

• Ozone Depletion: Breakdown of stratospheric ozone, increasing UV expo-
sure.

• Terrestrial Acidification: Soil acidification from emissions like SO2 and
NOx.

• Freshwater Eutrophication: Phosphorus-driven algal blooms in freshwater
bodies.

• Marine Eutrophication: Nitrogen-driven pollution affecting marine sys-
tems.

• Human Toxicity: Human health risks from chemical exposure.

• Photochemical Oxidant Formation: Ground-level ozone from air pollu-
tants.
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• Particulate Matter Formation: Health effects from PM2.5 and PM10.
• Terrestrial Ecotoxicity: Harm to land organisms from toxic substances.
• Freshwater Ecotoxicity: Chemical harm to freshwater species.
• Marine Ecotoxicity: Toxic threats to marine life.
• Ionizing Radiation: Exposure risks from radioactive emissions.
• Agricultural Land Occupation: Biodiversity loss from farming land use.
• Urban Land Occupation: Land taken by urban infrastructure.
• Natural Land Transformation: Conversion of natural land into developed

land.
• Water Depletion: Freshwater use affecting local water availability.
• Metal Depletion: Use of scarce metallic resources.
• Fossil Depletion: Depletion of fossil fuel reserves.

Endpoint Categories

• Human Health
• Ecosystem Quality
• Resource Scarcity

IMPACT 2002+ Impact Categories

IMPACT 2002+ merges midpoint and endpoint approaches, linking specific emis-
sions to broader areas of damage.

Midpoint Categories and Definitions

• Human Toxicity: Health impacts from chemical exposure.
• Respiratory Inorganics: Impacts from SO2, NOx, and particulates.
• Ionizing Radiation: Long-term health effects of radiation.
• Ozone Layer Depletion: UV-related impacts from ozone degradation.
• Photochemical Oxidants: Ground-level ozone from VOCs and NOx.
• Aquatic and Terrestrial Ecotoxicity: Ecosystem effects of toxic substances.
• Aquatic Acidification: Water pH impacts from acid emissions.
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• Aquatic Eutrophication: Nutrient runoff causing algal blooms.
• Land Occupation: Loss of habitat and biodiversity.
• Global Warming: CO2-equivalent emissions.
• Non-renewable Energy Use: Use of fossil-based energy resources.
• Mineral Extraction: Depletion of non-renewable minerals.

Endpoint (Damage) Categories

• Human Health
• Ecosystem Quality
• Climate Change
• Resources





Appendix C – Life Cycle Inven-
tory for Hybrid Power Plant

This appendix provides the detailed life cycle inventory (LCI) data used in the
environmental assessment of the hybrid power plant. Values are presented per
MW or MWh capacity, as applicable, and cover inputs (raw materials, energy)
and outputs (emissions, recycled fractions).

1. Wind Turbine System (per MW capacity)

Stage Type Parameter Unit Quantity
Raw Material Input Steel t/MW 109.9

Concrete t/MW 398.7
Fiberglass composites t/MW 21.3
Copper t/MW 2.7

Manufacturing Input Electricity MWh/MW 80.9
Output CO2-eq emissions kg CO2e/MW 794,770

Transportation Input Diesel (truck) MJ/t-km 43.7
Output CO2-eq emissions kg CO2e/MW 88,420

End-of-Life Output Recycled steel % mass 85%
Output Landfilled composites % mass 40%
Output CO2-eq emissions kg CO2e/MW 32,150
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2. Photovoltaic System (per MW capacity)

Stage Type Parameter Unit Quantity
Raw Material Input Industrial silicon kg/kWp 8.2

Aluminum alloy kg/kWp 18.6
Copper kg/kWp 4.3

Manufacturing Input Electricity (cells) kWh/m2 80.9
Output CO2-eq emissions kg CO2e/MW 536,420

Transportation Input Marine fuel (shipping) g/t-km 12.7
Output CO2-eq emissions kg CO2e/MW 42,380

End-of-Life Output Recycled glass % mass 95%
Output Recycled silicon % mass 85%
Output CO2-eq emissions kg CO2e/MW 15,290

3. Battery System (per MWh capacity)

Stage Type Parameter Unit Quantity
Raw Material Input Lithium iron phosphate kg/MWh 260

Graphite (anode) kg/MWh 232
Copper kg/MWh 48.3

Manufacturing Input Electricity kWh/kWh 110
Output CO2-eq emissions kg CO2e/MWh 87,500

End-of-Life Output Recycled lithium % mass 50%
Output Hazardous waste % mass 12%
Output CO2-eq emissions kg CO2e/MWh 3,150

4. Transportation Overview

Stage Type Parameter Unit Value
Transportation Input Diesel (truck) MJ/t-km 43.7

Input Marine fuel (shipping) g/t-km 12.7
Output CO2-eq emissions (Truck) kg CO2e/MWh 1,240
Output CO2-eq emissions (Ship) kg CO2e/MW 42,380
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