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Abstract: 
Hydrogen production through water electrolysis can play a role in the decarbonisation of energy systems when 
powered by electricity obtained from low carbon energy sources. The decision of deploying hydrogen 
technologies at a large scale in the future implies to get a comprehensive overview of the benefits and 
drawbacks on a variety of impacts compared to other alternative energy supply scenarios. The aim of this 
study was to perform a dynamic techno-economic and environmental impact assessment of renewable-based 
hydrogen supply chains relying on some of the characteristics of the GreenHysland EU deployment project in 
Mallorca (Spain). In this paper the optimization of the design and operation conditions of two hydrogen 
transport modes (trucks and pipeline) has been addressed for the supply of hydrogen to fuel cell buses and 
considering the possibility of injecting hydrogen into the natural gas grid. These hydrogen chains were 
assessed using PERSEE dynamic optimization tool developed at CEA relying on a Mixed Integer Linear 
Programming approach. A front of optimal solutions has been obtained considering both economic (Net 
Present Value) and environmental (cumulated equivalent carbon dioxide emissions) optimization criteria. 
Finally this study emphasizes the potential interest of such dynamic optimization approach to support impact 
assessment in pre-design phases of hydrogen projects complying with current and future greenhouse gases 
savings assessment methodologies defined at European level (e.g. RED II and related Delegated Acts) and 
corresponding green or low carbon hydrogen certification processes. This initial work opens the way to several 
perspectives for improvement in order to increase the robustness of these energy chain comparisons including 
sensitivity studies and the consideration of a broader set of environmental impact categories. These 
improvements are being reviewed by the research team and will help achieve a more complete analysis of the 
impacts of potential large-scale hydrogen deployment scenarios in the future energy mix of the Balearic 
Islands. 
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1. Introduction 
1.1. Context: the GreenHysland EU project 
The study presented in this paper has been performed in the frame of the GreenHysland EU project. This five 
years project (2021-2025) aims to deploy a fully functioning hydrogen (H2) ecosystem on the island of Mallorca 
(Spain), turning the island into the first H2 hub in Southern Europe [1]. The project comprises: 
▪ The development of hydrogen production, transport and distribution infrastructure (green hydrogen 

production plant, hydrogen truck trailers, deployment of a hydrogen pipeline and hydrogen refuelling 
station) 
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▪ The demonstration of three types of end-use applications (hydrogen vans and buses, stationary fuel cells 
and hydrogen injection into the natural gas grid). 

In addition to the technical aspects, the project also addresses the analysis of the economic, environmental 
and social impacts of the potential larger scale deployment of hydrogen as an energy carrier in the Balearic 
Islands. Part of these studies relies on dynamic simulation and optimization of current and future energy 
chains. Therefore, in the present paper, a methodology for a first analysis of hydrogen supply scenarios in the 
Balearic Islands is addressed considering economic and environmental evaluation criteria. 
1.2. Topic of the paper 
1.2.1. Disclaimer 
The study presented in this article contributes to the development of appropriate methodologies for impact 
analysis activities planned within GreenHysland project. The authors do not pretend to provide here an 
evaluation of economic or environmental performance of the project in itself. The case study detailed in this 
paper consists in a theoretical evaluation of an energy system inspired by some of the technical characteristics 
of the project. This theoretical evaluation aims at illustrating a multi-criteria optimization methodology based 
on dynamic simulation. This study does not refer to potential hydrogen upscaling scenarios within the Balearic 
Islands 

1.2.2. General objectives 
The main goals of this study are: 
▪ To illustrate how a multi-criteria optimization approach based on dynamic modelling can help assessing 

hydrogen supply chains from an economic and environmental impacts perspective; 
▪ To provide insights about the most influencing components regarding cost and environmental emissions 

breakdown of these hydrogen chains. 
We consider a theoretical case study relying on some of the characteristics of the GreenHysland project. This 
case study (described in Section 2) consists in a hydrogen energy chain comprising a 7.5 MW electrolyzer 
connected to a local PV plant and to the local electrical grid. The end-use applications consist in five hydrogen 
fuel cell buses and a flexible hydrogen injection into the natural gas grid. Two hydrogen transport modes are 
considered (truck trailers and pipeline) for connecting production and end-use applications separated by a 
distance of 30 km. 
The main originality of the work relies in the simultaneous optimization of economic and environmental criteria 
considering all types of emissions (direct from fuel consumption, indirect from electricity consumption, and 
indirect from equipment manufacturing) within a dynamic optimization approach. 
1.3. Background about optimization of hydrogen energy chains 
1.3.1 Evaluating the carbon content of hydrogen 
Hydrogen as an energy carrier is widely considered as one of the technologies that could help decarbonizing 
several energy demand sectors. However, this statement depends on the direct and indirect environmental 
impacts generated from the primary energy from which hydrogen is produced as well as life cycle impacts of 
the newly developed technologies over the whole hydrogen supply chains. As an example, water electrolysis 
is often considered as an environmental-friendly method for hydrogen production. However even though 
hydrogen produced by electrolysis tends to minimize environmental impact, the impact is not zero since 
electricity production involves environmental footprints as well as electrolysis and associated processes such 
as water treatment and desalination [2].  
Hence several initiatives are being undertaken at National, European and International levels in order to 
support ramping-up of clean hydrogen market and related industry in the next years and decades by setting 
new rules and certification processes. The new version of the European Renewable Energy Directive 
commonly referred as RED II (2018) defines the global rules and targets for increasing deployment of 
renewable energies across European Union. Complementary to this directive, a specific Delegated Act recently 
published (February 2023) establishes a “Union methodology setting out detailed rules for the production of 
renewable liquid and gaseous transport fuels of non-biological origin” (RFNBO). These rules refer to 
consideration of additionally (new dedicated renewable power plants associated with hydrogen production 
plant), temporal correlation (from calendar month basis to hourly correlation basis) and geographical 
correlation (notion of bidding zone). Another Delegated Act establishes the minimum threshold for greenhouse 
gas emissions savings of RFNBO fuels at -70% compared to reference process. Complementary to the RED 
II directive and Delegated Acts, several initiatives (such as CertifHy, IPHE or GH2 standard) have been 
launched in order to define green or low-carbon hydrogen certification process). For instance, the so-called 
GH2 standard has been established by the Green Hydrogen Organization which refers to "near-zero 
greenhouse gas emissions". This standard requires green hydrogen projects to operate at a level of emissions 
less than or equal to 1 kgCO2-eq per kgH2, taken as an average over a 12-month period [3]. However, GH2 
considers emissions only during hydrogen production, without evaluating them in later stages of the process, 
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such as in hydrogen transportation, end-use applications, and so on. Therefore, if a study scope includes 
transportation, the expected emissions might be higher than 1 kgCO2-eq per kgH2. 
Hence, hydrogen stakeholders may be facing a new challenge regarding the appropriate and optimized size 
and operation of hydrogen equipment to fulfill the GHG requirements while maximizing the profitability of the 
production plants. Multi-criteria optimization techniques relying on dynamic simulation could help addressing 
this issue and then providing support to investment decision and daily operation of hydrogen plants. The next 
sections provide some background information about optimization approaches (section 1.3.2), multi-objective 
optimization (section 1.3.3) and environmental information in energy system optimization tools (section 1.3.4). 
Finally, section 1.3.5 presents the PERSEE optimization tool that has been used in the frame of this study. 

1.3.2 Optimization approaches 
Despite the various benefits resulting from renewable energy and hydrogen production, there are still new 
issues to overcome, such as system losses caused by inadequate operation, sizing or selection of location 
and sizing of systems [4]. By including optimization techniques, the design and operation of energy systems 
can be addressed, resulting in more efficient and cost-effective scenarios [5]. 
Numerous optimization techniques have been implemented in this area, and one of the most widely used is 
mixed integer linear programming (MILP) [6]. The main advantage of a MILP Solver method is the accuracy 
of the solution. If the problem is well defined, the solution found with the use of MILP Solver is the global 
optimal solution of the problem. The other advantage is that the optimal dispatch is found without the need to 
adjust the operating strategy of the units [7]. 

1.3.3 Multi-objective optimization methodology 
Energy system optimization inherently involves multiple and conflicting objectives. As way of example, the 
most efficient energy processes are not necessarily the most economical ones, or a system with low CO2-eq 
emissions can suppose high investment costs. Therefore, energy system optimization is much more realistic 
and reliable if different evaluation aspects, such as cost, technical and environmental concerns, are explicitly 
taken into account. This can be accomplished by giving them an explicit role as objective functions, rather than 
aggregating them into a single economic indicator objective function [8]. Thus, the problem of optimizing 
energy systems can be addressed with a multi-objective approach, where the solution vector is not determined 
by a single technical solution, but by a set of optima. The optimal solution points form what is commonly 
referred to as a non-dominated set or Pareto optimum. For each of the Pareto arrangements, improving one 
objective without worsening another is not possible. For the calculation of the Pareto front, the epsilon-
constraint method is widely used, especially for cases where there are two objectives. This is due to the fact 
that it provides high reliability of the results within brief computational time [9]. 

1.3.4 Environmental information in energy system optimization 
Optimization techniques are used in various simulation software packages to plan energy systems. These 
pieces of software have been developed not only to evaluate the technical and economic potential of energy 
systems, but also to simplify the design and operation process of systems that include renewable sources 
maximizing, at the same time, their profitability [10]. Even though the use of software programs seeks to 
maximize the use of renewable energies and thus, minimize the environmental impact, most of them do not 
include environmental impact as a decision variable [11]. Moreover when environmental information is 
considered the impact related to equipment manufacturing is often excluded from the analysis perimeter. 
In order to obtain and include environmental information in an optimization problem, a Life Cycle Analysis 
(LCA) of all components of the energy system must be performed. LCA is a standardized methodology 
developed to assess the environmental impacts of a product, a process or even a system [12]. Despite the 
fact that different LCA software have been developed over the past two decades, the research community has 
always developed its own software implementations that could be adapted and extended to build advanced, 
non-standard LCA models. As a way of example, Brightway version 2 has been developed since 2012 as an 
open source Python-based LCA framework, and has been widely used throughout the research community 
[13]. This software has been chosen for this study due to its flexibility for building parametrized environmental 
impact models (see Section 2.4.2). 

1.3.5 PERSEE optimization tool 
The technical and economic study presented in this paper is carried out with PERSEE software developed at 
CEA by members of LSET laboratory in Grenoble, France. PERSEE is a tool for optimizing the sizing and 
management of multivector energy systems, based on MILP formulation [14]. The software allows the 
modeling and multi-objective optimization of energy systems, such as industrial processes or energy 
production facilities. Two approaches can be implemented. If the size or production capacity of an existing 
facility is already known, optimization is performed to optimally extrapolate its performance over several years 
of operation. Conversely, if the facility size or production capacity is an unknown variable, it is optimized in 
order to determine the system optimal management. Whatever the case, from all the information entered by 
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the user, PERSEE creates a system of equations containing the objective function and all the constraints of 
the problem. Subsequently, this system of equations is solved using a commercial solver, such as Cplex. 
As regards the multi-optimization criteria, PERSEE software works with the Net Present Value (NPV) and the 
cumulated greenhouse gases emissions over the entire industrial project lifetime. In order to build the front of 
optimal solutions, the epsilon-constraint method is currently implemented. Once the environmental, technical 
and economic constraints are set, the optimization is spread over a period of one year, with a specific time 
step, for example, one hour. Then PERSEE has to meet the imposed constraints maximizing the NPV and/or 
minimizing CO -eq emissions.  

2. Case study 
2.1. System description 
As it was mentioned before, the study presented in this paper is based on the GreenHysland hydrogen hub. 
Some of the characteristics of the GreenHysland project are used as a reference situation from where several 
scenarios are created. In this section, the overall flowsheet of the theoretical case study is described. Figure 
1 shows a schematic representation of the case study general architecture.  

 
Figure. 1.  Illustration of the considered hydrogen supply chains and applications. 

As it can be seen in Figure 1, hydrogen is produced via water electrolysis. The green hydrogen production 
facility is placed in the municipality of Lloseta, at almost 30 km northeast from the capital city Palma de 
Mallorca. The electrolyzer plant mainly includes a 7.5 MW Proton Exchange Membrane (PEM) electrolyzer, 
compressors, and on-site hydrogen storages to allow desynchronizing hydrogen production and demand. 
Regarding energy sources, the electrolyzer is coupled to the electricity generation of a photovoltaic park 
located also in the municipality of Lloseta. This solar farm has a generation capacity of 8.56 MWp [1]. Additional 
power can be obtained from the Islands’ electricity power grid. 
Once produced, we assume that the hydrogen is compressed and subsequently transported to Palma de 
Mallorca to supply two applications: public transport mobility (hydrogen buses) and hydrogen injection into the 
Mallorca’s gas grid. 
▪ In the first end-use application, hydrogen is used as a fuel for a fleet of five fuel cell buses. As the buses 

refuelling station is placed in Palma de Mallorca, hydrogen must be transported 30 km from Lloseta 
municipality to the capital city. Each bus has five 350bar hydrogen tanks of 312 liters each, which makes 
1,560 liters in total. We assume that this volume is equivalent to a usable capacity of 37.5 kg of hydrogen. 
It is supposed that all buses are refuelled once a day, hence ~70 tons of hydrogen are needed in a complete 
year corresponding to an average flowrate demand of 8 kg/h. 

▪ For the second end-use application, green hydrogen is injected into the Mallorca’s natural gas network. 
The injection point is supposed to be also in the capital city, therefore, 30 km hydrogen transport has to be 
considered. In this case, we consider a maximal allowable hydrogen injection flow rate of 4% of the natural 
gas volumetric flow. 

For both applications, two hydrogen transport modes are considered: truck trailers and hydrogen pipeline. 
2.2. Perimeter of economic and environmental evaluations 
The environmental impact considered in this study is limited to greenhouse gases (GHG) emissions. As shown 
in Figure 1 the environmental analysis perimeter comprises the whole direct and indirect emissions of the 
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hydrogen supply chains. The cumulated emissions  (kgCO2-eq) are calculated considering direct 
emissions  during each hour  over year  (e.g. from diesel combustion in truck trailers), indirect emissions 

 related to grid electricity consumption, indirect product emissions  related to manufacturing of 
element  of the energy system (also referred as “capex-related emissions”) and avoided emissions  
related to substitution of diesel in buses by hydrogen and substitution of natural gas in the grid by hydrogen 
(this study only compares the avoided emissions in terms of fuel substitution and not the technological 
equipment involved in the fuel substitution; it is beyond the scope of the study to compare impacts of 
manufacturing of diesel buses and hydrogen buses). Equation (1) presents the calculation of the cumulated 
emissions considering a project lifetime of  years, an annual operating time  of 8760 hours, a number of  
elements and annual hydrogen production  (kgH2). Then the specific emissions  (kgCO2-eq/kgH2) are 
obtained by dividing the cumulated emissions  by the cumulated hydrogen production  (kgH2) over 
the a  years. 

 (1) 

As shown in Figure 1 the same perimeter has been considered for the economic analysis. PERSEE minimizes 
the total cost function  presented in Eq. (2) which is the opposite of the Net Present Value. This equation 
shows that the cost of each element  of the energy system is computed considering specific capital 
expenditures  (€ per unit size) and size  (in the present study, only the sizes of 60bar and 300bar stationary 
hydrogen storage systems are optimized) as well as yearly operational expenses comprising direct operation 
and maintenance costs  (€/year), energy buying costs  (computed from hourly grid electricity price data 
in our case) and selling price  (hydrogen prices for mobility application and gas grid injection application). 
These operational expenses are computed considering hourly dynamic flux over each year of operation. 

 (2) 

2.3. Optimization approach 
2.3.1 Scenarios 
In the present study a multi-criteria optimization of three hydrogen supply scenarios is addressed: 
▪ [Truck scenario]: We assume that tube trailers are used to transport hydrogen from Lloseta photovoltaic 

plant to Palma de Mallorca, where the applications of mobility and injection into the natural gas grid are 
placed. In this case, it is assumed that all hydrogen produced by the PEM electrolyzer is transported by 
trucks. Here, 2 trucks are used to supply hydrogen to the refuelling station, whereas other 4 are involved 
in potential hydrogen injection into the natural gas grid. These numbers of trucks have been pre-determined 
based on electrolyzer maximal flowrate, hydrogen demand and unitary truck capacity ensuring, therefore, 
permanent availability of transport capacity at production site. 

▪ [Pipeline scenario 1]: A pipeline is used for the transport of hydrogen from Lloseta to Palma. 
▪ [Pipeline scenario 2]: In this scenario, the pipeline capacity is supposed to be oversized by a factor of 10 in 

order to cover an increase in the hydrogen production capacity of the production plant, compared to the 
initial value (135 kg/h). Therefore, the capital cost and embedded Greenhouse Gases (GHG) emissions of 
the pipeline are adjusted, being divided by 10. 

2.3.2 Optimization variables 
Table 1 provides an overview of the optimization variables considered in this study. 

Table 1.  Optimization variables 
Type of optimization variables Variables Units 

Size of components 
300bar stationary storage capacity (Truck scenario) 
60bar stationary storage capacity (Pipeline scenarios) 

kg 
kg 

Power or mass flow management 
(dynamic optimization of operation) 

PV electricity consumption 
PV electricity injection to electrical grid 
Grid electricity consumption 
PEM electrolyzer production 
H2 injection in NG grid at 4%vol max 

MW 
MW 
MW 
kg/h 
kg/h 

2.3.3 Multi-criteria optimization method 
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The optimization of the energy system is performed by using the economic objective function and restrictions 
on total CO2-eq emissions. In order to build the Pareto front, two mono-objective optimizations are performed. 
In the first one, NPV is maximized without applying any CO2-eq emissions restrictions. In the second one, CO2-

eq emissions are minimized. This allows to obtain the extreme points of the Pareto front. Afterwards, the internal 
points in the front are determined by selecting 10 equidistant CO2-eq emissions values between the two extreme 
points (highest and lowest CO2-eq emissions cases). Each of them is fixed as a CO2-eq emissions constraint in 
subsequent mono-objective optimization problems, where the NPV is maximized. This means that 10 NPV 
optimization runs are generated for each hydrogen transport scenario, in which a restriction value of maximum 
CO2-eq emissions is set. 

2.3.4 Project lifetime and discount rate 
We assume a project lifetime of 20 years. However, as it is explained in the following section, data series are 
based only on information of the year 2019. For this reason, each time series is replicated over the years in 
order to guarantee the optimization over the 20-years period. The Net Present Value optimization is performed 
considering a discount rate of 7%. 
2.4. Data sources and assumptions 
A summary of all numerical assumptions is given in Appendix of this paper. In the following paragraphs, we 
provide more details about the sources and construction of input temporal data and environmental data. 

2.4.1 Temporal data 
The Table 2 provides the list of temporal data used in the present study. 

Table 2.  Input temporal data considered in the study 
Type of temporal data Units Sources and characteristics 
PV production MW PVGIS platform (Lloseta location) 

Grid electricity price and 
emissions 

€/MWh & 
CO2-eq/MWh 

UIB personal communication and additional calculations related to emissions 
from HVDC mainland connexion 

Maximal allowable hydrogen 
injection 

kg/h 4%vol of natural gas (NG) consumption 
NG consumption approximated from electrical production 

Hydrogen demand for fuel cell 
buses 

kg/h Considered constant 8kg/h 

 
Data of the hourly power generation mix and its CO2-eq emissions in 2019, as well as the hourly electricity spot 
price in 2019 in the Balearic Islands were provided by the Industrial Engineering Department of the University 
of the Balearic Islands. Even though data series from 2020 and 2021 were also available, they were not 
considered in the present study given that both 2020 and 2021 were atypical years due to the COVID-19 
pandemic. As it was mentioned before, hydrogen demand for the mobility application is fixed at 8 kg/h. This 
constant value might not be representative of the real hourly hydrogen demand profile due to the fact that 
demand can vary, for instance, from summer to winter when the amount of tourists visiting the Islands is 
considerably lower. However this value represents a fixed constraint which forces the system to produce 
hydrogen to supply the demand. Thanks to this constraint, in the optimization problem there is at least one 
constant hydrogen demand to fulfil. In the case of hydrogen demand for injection into the natural gas network, 
a maximum constraint of 4% in volume of the existing natural gas flow is considered. As no information 
regarding real consumption of natural gas could be found, a roughly estimation is performed. It is supposed 
that all the natural gas sent to the Island is used exclusively for power generation. Figure 2 represents the 
maximum hydrogen mass flow that can be injected in to the natural gas grid.  
 

 
Figure. 2.  Illustration of the yearly maximal hydrogen mass flowrate injection considering a limit of 4%vol of 
hydrogen in natural gas. 
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2.4.2 Environmental data 
In order to obtain the results of the direct and indirect emissions of the different components of the system, it 
is necessary to define the boundaries and the impact categories. In this case, only the end-of-life stage of the 
components is not considered. In addition, the environmental impact category selected for the Life Cycle 
Impact Assessment (LCIA) is the Global warming potential of the EV3.0 method. Ecoinvent 3.8 database 
[15,16] is used for the selection of the activities for the diverse components. It is important to highlight that 
when selecting the Ecoinvent activities, a geographic prioritization is established. For this study, priority is 
given to Spain data in the database. If there is no Spain reference, European data (RER) is selected and, if 
the latter is not available, "global" (GLO) and "rest of the world" (RoW) data is chosen. In the next paragraphs 
a description of the environmental aspects of some elements of the system is presented (all other input data 
are available in the Appendix).  
2.4.2.1 Compressor 
In the case of the compressor, in order to obtain the CO2-eq emissions values, the study published by 
Ghandehariun and Kumar [17] is used. Since the assumptions between the literature and the studied system 
are different, particularly the system capacity, the exponential rule in Eq. (3) is applied for the calculation of 
energy and material inputs. In this way, the mass of the components and the energy required for compressor 
manufacturing are adapted to the system size, based on the study reported by Lee et al. [18]. 

 
 

(3) 

Where m is the mass (or energy input), P the system capacity and f the scale factor. 
This equation is used for the different components of the Balance of Plant (BOP) for electrolyzers. However, 
information must be adjusted in such a way that it can be added to the MILP optimization problem. Therefore, 
the value of the environmental impact, expressed in kgCO2-eq, has been calculated for different compressor 
capacities and a linear regression was made resulting in the linear function expressed in Eq. (4) where 

 refers to indirect production emissions (kgCO2-eq) of compressor manufacturing and  
refers to compressor electrical power (MW). 

  (4) 

2.4.2.2 Hydrogen Storages and Pipeline transportation 
Equations 5, 6 and 7 provide the considered linear functions for calculating indirect product emissions 

 (kgCO2-eq) related to the manufacturing of type I tank for 60bar storage, type II tank for 300bar 
storage and hydrogen pipeline respectively. Variables  and  refer to storage capacity 
(kgH2) and variable  refers to the length of the pipeline (km). Numerical coefficients are based on data 
from Ecoinvent [15,16] and [19] from which a dedicated environmental model has been built. 

  (5) 

  (6) 

  (7) 

2.4.2.3 PEM Electrolyzer 
The PEM electrolyzer inventories used in this study are updated from the study published by Sharma et al. 
[20]. CO2-eq emissions for the production phase of the PEM system have been calculated for 10 system 
capacities, since some components of the PEM do not increase in a linear way. The information obtained must 
be adjusted so that it can be added to the MILP optimization problem. Therefore, a linear adjustment is made 
for the system, giving as a result the linear function shown in Eq. (8) where  refers to indirect 
production emissions (kgCO2-eq) of electrolyzer manufacturing and  refers to electrolyzer electrical 
power (MW). 

 (8) 

2.4.2.4 Mallorca Grid Data 
Since the objective of the study is to optimize the hydrogen production, including the environmental impact, 
CO2-eq emissions of the Balearic Islands’ electricity grid is required. Different sources such as Ecoinvent [15, 
16] provide an average value of CO -eq emissions resulting from the overall Spain electricity grid. Other 
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sources, such as ENTSOE [21] and REE [22] give hourly, monthly and yearly average values of CO -eq 
emissions. However, this data correspond to the CO -eq emissions of the energy generation mix in the Balearic 
Islands, without taking into account the energy import from Spain Mainland. Therefore, in order to know the 
CO -eq emissions of the electricity consumed in the Balearic Islands, emissions from energy imports need to 
be taken into account.  
For this purpose, ENTSOE and REE emission data of power generation in Spain Mainland were weighted, 
averaged and added to the CO -eq emissions database provided by the Industrial Engineering Department of 
the University of the Balearic Islands. An emission factor of 590 kgCO2-eq/MWh was obtained for our reference 
year 2019. In addition, we considered a reduction of carbon intensity of the electrical grid based on the scenario 
proposed by the Ministry for Ecological Transition and the Demographic Challenge of the Balearic Islands [23] 
and assuming an emission factor below 160 kgCO2-eq/MWh for year 2039. This hypothesis implies a Balearic 
generation mix composed of 65% renewables and 35% of energy imports from the Peninsula. Thus, a 
reduction coefficient was implemented in PERSEE in order to take into account this decrease in grid CO2-eq 
emissions over the supposed 20 years of the project. 

3. Optimization results & Discussion 
3.1. Pareto Front 
As it was explained in the section 2.2, a Pareto front is generated for each hydrogen transport scenario. Figure 
3a shows the NPV and cumulated emissions over the 20 years project time. It can be noted that, as avoided 
CO2-eq emissions are being considered, the three scenarios present negative values of CO2-eq, when the 
emissions are being exclusively optimized. We observe that all scenarios adopt negative values of NPV, 
meaning that the system is not economically profitable when environmental aspects are being exclusively 
optimized given our set of assumptions (see Appendix). Besides, in terms of emissions, tube trailer (truck) 
scenario and pipeline scenario do not considerably differ. In other words, for this study case, these two means 
of H2 transportation produce similar amount of CO2-eq emissions. However, in economic terms, they present 
great differences, being the scenario of pipeline with reduced CAPEX the most profitable. 
 

 

Figure. 3.  a) Pareto Front obtained for each of the three scenarios, b) Levelized Cost of Hydrogen compared 
with Specific CO2-eq emissions. 

Figure 3b illustrates the Levelized Cost of Hydrogen and the specific emissions, expressed in kilograms of 
CO2-eq per kilogram of hydrogen. It can be seen from the Figure that, when the NPV is being exclusively 
optimized, the pipeline with reduced CAPEX scenario presents the lowest LCOH value, accounting for 
~3.4€/kgH2. It is then followed by the tube trailer scenario (~3.9€/kgH2) and the original pipeline scenario 
(~4.6€/kgH2). For each scenario, the reported LCOH values determine the minimum H2 averaged sell price 
from which the system is profitable. In addition, the specific emissions give hint of which group of solutions 
generates a reduction in current emissions. This implies that the solutions with positive specific emission 
values lead to higher overall emissions. Therefore, the solutions considered as more sustainable would be the 
ones that present negative values of specific emissions despite higher cost. 
3.2. Cost and emissions structure 
In the present section, the cost and emissions breakdown analysis of the projects is performed. Figure 4a 
depicts the components relative contribution to the cost, while Figure 4b shows their relative contribution to 
the emissions. 
 

(a)                                                                                 (b) 
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(a) 

 
(b) 

Figure. 4.  Structure of each scenario considering: a) relative cost, b) relative emissions 

For the NPV optimization cases, it can be observed that the electrical grid is responsible for the highest 
percentage of costs and CO -eq emissions. This proves that, in this case, energy extraction from the grid takes 
the highest shares. For the CO2-eq optimization cases it can be seen that the photovoltaic farm is responsible 
for most of the costs and emissions. In this optimization case, the use of the grid is minimized in order to 
reduce overall CO2-eq emissions. Even though an emission reduction factor is assigned to the energy extracted 
from the grid, it seems that, environmentally speaking, it is better to reduce energy grid extraction anyway.  
Finally, considering that the size of the components such as the photovoltaic farm, the electrolyzer, the 
compressors and the gas transport medium are fixed, the variations of the cost breakdown between the 
solutions are mainly due to the use of the electrical grid. In the set of solutions where emissions are exclusively 
optimized, the generation behavior of the electrolyzer follows the trend of the PV production, as it avoids the 
use of the grid. However, the hours of use of the electrolyzer are considerably reduced, generating an 
economically oversized system. 

4. Conclusions and perspectives 
In this paper a multi-criteria optimization approach based on dynamic modelling has been implemented for 
evaluating the economic performance and greenhouse gases emissions of a PV based hydrogen energy chain. 
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We considered a theoretical case study relying on some of the characteristics of the GreenHysland EU project 
deployed in Mallorca, Spain. This case study consisted in a hydrogen energy chain comprising a 7.5 MW 
electrolyzer connected to a local PV plant and to the local electrical grid. The end-use applications consisted 
in mandatory refuelling of five hydrogen fuel cell buses and a flexible hydrogen injection into the natural gas 
grid up to 4%vol. Hydrogen truck trailers and hydrogen pipeline were both considered for connecting production 
and end-use applications. The optimization was conducted over 20 years plant lifetime and considering one 
year of data at a timestep of one hour. The two optimization criteria were the Net Present Value and the 
cumulated greenhouse gases emissions including direct (fuel combustion), indirect (capex-related and from 
grid electricity) and avoided emissions (substitution of diesel buses and natural gas). 
Several fronts of non-dominated solutions were obtained using the epsilon-constraint method. These fronts 
show that the cumulated greenhouse gases emissions could become negative mainly due to the greenhouse 
gas emission savings from substitution of natural gas by hydrogen in the natural gas grid. The structure of 
costs and emissions was also analysed. It was shown that when maximizing the Net Present Value, the grid 
electricity consumption takes the greatest share of cost breakdown and CO2-eq emissions for all scenarios, as 
the optimizer tends to maximize the utilization rate of the electrolyzer for minimizing the costs. 
On the contrary, when the cumulated CO2-eq emissions are being minimized, the optimizer prefers using direct 
production from the local PV plant, which in turns reduces the utilization rate of the electrolyzer and increases 
the costs. Hence, in this case the cost associated with photovoltaic power production represents the highest 
proportion in the cost structure (except in high capex pipeline scenario were pipeline becomes the highest cost 
factor). In terms of emissions, the photovoltaic production involves the biggest contribution for all scenarios. 
However, the optimal solution shows that share of embedded emissions from “other than Solar” elements 
(electrolyzer, pipeline, compressors, storages, truck trailers) is not negligible, representing between 25% and 
35% of the emissions breakdown. 
Hence, this study emphasizes the potential interest of such dynamic multi-criteria optimization approach to 
support impact assessment in pre-design phases of hydrogen projects complying with current and future GHG 
savings assessment methodologies defined at European level (RED II and related Delegated Acts) as well as 
green or low carbon hydrogen certification processes. By year 2030 the evolution of EU regulation towards 
mandatory hourly temporal correlation between renewable production and hydrogen production may increase 
the need of relevant dynamic multi-criteria optimization approaches.  
Several perspectives can be envisaged for increasing the robustness of these approaches. In terms of 
environmental inventory information, a comprehensive study of the waste management of the system should 
be carried out, i.e. the end-of-life analysis of all components. Besides, in the LCA section, several other impact 
categories, such as water consumption and land use, could be added to the optimization problem. Future 
studies should focus on how to perform a complete environmental optimization study, considering several 
environmental indicators as objective functions. Finding the optimal solution in an optimization problem 
involving more than two objectives constitutes a challenge in terms of resolution time and appropriate 
algorithms should be investigated to reach this objective. Uncertainties regarding all types of inputs should 
also be included and handled in energy system optimization problems. Including them would ensure the 
derivation of more robust conclusions useful for investment decision-making process and daily optimal 
operation. However, such methods and tools do not substitute to stakeholders investment decisions which 
may depend on additional local and global considerations such as regulation, market readiness, business 
model, social acceptance or political support. 
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Appendix 
Table 3.  Technical, economic and environmental assumptions considered. 

Component Parameters Units Data References 
 
Lloseta PV 
park 
 

Installed peak power 
Solar production 

MWp 
MW/MWp 

8.56 
PV production time series. Lloseta location 

[1]  
[24] 

CAPEX EUR/kWp 1,000 Assumption 
OPEX EUR/kWp 1% of investments costs Assumption 
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Embedded emissions1 kgCO2-eq/MWh 26 [25]  

Balearic 
islands 
power mix 

Power production 
Extraction price 

MW 
EUR/MWh 

Hourly power time series. 
Hourly energy sport price time series. 

[26] 
[26] 

Grid emissions kgCO2-eq/MWh Hourly CO2-eq emissions time series. [26] 
PV 
connection 

Efficiency % 84.2 
 

[27]  

PEM 
Electrolyzer 

Nominal power MW 7.52 [1]  
H2 mass flow rate kg/h 1353 [28] 
Efficiency % 61.7 [28] 
Lifetime years 20 Assumption 
CAPEX EUR/MW 500,000 [29] 
OPEX EUR/MW 1.8% of investments costs [29] 
Emissions for water use kgCO2-eq/kgH2 0.0044  [15,16] 
Embedded emissions kgCO2-eq 261351 x Pelectrolyzer+ 45156 [6] 

 
 
300bar 
compressor 

Inlet H2 pressure bar 30  Assumption 
Outlet H2 pressure bar 300  Assumption 
H2 mass flow rate kg/h 1354 Assumption 
Embedded emissions kgCO2-eq 258027 x Pcompressor + 24217 Assumption 
CAPEX EUR/MW 700,000 [29] 
OPEX EUR/MW 7% of investments costs [29] 

 
 
60bar 
compressor 

Inlet H2 pressure bar 30  Assumption 
Outlet H2 pressure bar 60  Assumption 
H2 mass flow rate kg/h 1354  Assumption 
Embedded emissions kgCO2-eq 258027 x Pcompressor + 24217 Assumption 
CAPEX EUR/MW 700,000 [29] 
OPEX EUR/MW 7% of investments costs [29] 

 
300bar 
storage tank 

Storage capacity kgH2 Optimized - 
Embedded emissions kgCO2-eq/kgH2 350 (type II H2 storage tank)   [19] 
CAPEX EUR/kgH2 550  [29] 
OPEX EUR/kgH2 0% of investments costs Assumption 

 
60bar 
storage tank 

Storage capacity kgH2 Optimized - 
Embedded emissions kgCO2-eq/kgH2 310 (type I H2 storage tank)   [19] 
CAPEX EUR/kgH2 550 [29] 
OPEX EUR/kgH2 0% of investments costs Assumption 

 
 
 
Tube trailers 
for mobility 
and H2 
injection  

Distance km 305 - 
Fuel consumption Kgdiesel/km 0.4 Assumption 
Max speed km/h 60 Assumption 
Total capacity KgH2 462 Assumption 
Usable capacity kgH2 3706 - 
CO2-eq (fuel use) kgCO2-eq/km 0.797 [15,16,30,31] 
Embedded emissions kgCO2-eq/kgH2 350 [15,16,19] 
CAPEX EUR/kgH2

8 5509 [29] 
OPEX EUR/kgH2

8 0.15310 Assumption 

H2 pipeline 

H2 max mass flow rate kg/h 1350 (Scenario 1); 1354  (Pipeline Scenario 2) Assumption 
Efficiency % 10011 Assumption 
Embedded emissions kgCO2-eq/km 80,000 [15,16] 
CAPEXa

12 EUR/km 1,000,000 [32] 
CAPEXb

13 EUR/km 500,000 [32] 
OPEX EUR/km 0% of investments costs Assumption 

 
 
350bar 
compressor 

Inlet H2 pressure bar 60 Assumption 
Outlet H2 pressure bar 350 [1] 
H2 mass flow rate kg/h 8 Assumption 
Embedded emissions kgCO2-eq 258027 x Pcompressor + 24217 Assumption 
CAPEX EUR/MW 700,000 [29] 
OPEX EUR/MW 7% of investments costs [29] 

H2 demand 
for buses 

H2 fixed flow rate kg/h 8 Assumption 
Avoided CO2-eq kgCO2-eq/km 1.22214 [15,16] 
H2 sell price EUR/kgH2 4 Assumption 

                                                      
 
1 Refers to CO2-eq emissions 
2 Three 2.5 PEM electrolyzers. 
3 Hydrogen production: 1080 kgH2/day, which is 45 kgH2/h. Considering three 2.5 MW electrolyzers, this gives 135 kgH2/h. 
4 Based on the three-electrolyzer production. 
5 Lloseta – Palma de Mallorca distance 
6 Assuming a discharge equilibrium pressure of 60bar, hence usable capacity of 300bar trailer assumed at 80% of total capacity 
7 Two were considered for H2 transportation (while one refuels, the other delivers). Calculation: 

 
8 EUR per transported H2 
9 The value of the investments costs of a H2 storage tank is used for estimating the investments costs of H2 tube trailers.   
10 Calculation :  
11 No head losses are considered for the pipeline 
12 Amortized in 20 years 
13 Amortized in 40 years 
14 CO2-eq emissions of a diesel bus 
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H2 demand 
NG grid 
injection 

Max H2 flow rate kg/h Timeserie [1] 
Avoided CO2-eq kgCO2-eq/kgH2 8.4315 [15,16] 
H2 sell price EUR/kgH2 4 Assumption (same 

price as mobility) 

Nomenclature 
BOP  Balance of Plant 
CEA   Commissariat à l’Energie Atomique et aux énergies alternatives 
CO2-eq  Carbon dioxide equivalent 
EU  European Union 
GHG  Greenhouse gases 
H2  Hydrogen 
HVDC  High Voltage Direct Current 
LCA  Life Cycle Assessment 
LCI  Life Cycle Inventory 
LCIA  Life Cycle Impact Assessment 
LCOH  Levelized Cost of Hydrogen 
MILP  Mixed Integer Linear Programming 
NG  Natural gas 
NPV  Net Present Value, € 
PEM   Proton Exchange Membrane 
PV  Photovoltaic 
RED  Renewable Energies Directive 
UIB  Universitat de les Illes Balears 
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