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A B S T R A C T

We study the integration of Multi-Effect Distillation (MED) desalination systems with Proton Exchange Mem
brane electrolysers (PEMEL) for large-scale offshore hydrogen production. The focus is on utilising the waste heat 
generated by PEMEL to drive the MED process. The developed quasi-steady-state model shows that MED can 
consistently meet the water demands of a 1 GW PEM electrolyser, except for electrolyser input power below 5 % 
of the nominal load. We find that at full load, a large part of the excess heat (up to 94.12 MW) remains un
collected, highlighting a need for further thermal management solutions. For the optimal MED design, we 
calculate a Gain Output Ratio (GOR) of 3.69, Specific Heat Consumption (SHC) of 631.54 kJ/kg, and a Specific 
Heat Transfer Area (area per kg/s distillate) of 155.12 m²/kg/s. For this configuration, MED is estimated to 
occupy a footprint of around 130 m² in a horizontal arrangement, while the 1 GW PEMEL occupies approxi
mately 12000 m².

1. Introduction

The transition towards renewable energy sources has become a 
crucial global directive to combat climate change and achieve a sus
tainable future. The move towards clean energy is supported by inter
national agreements, such as the Paris Agreement, where countries have 
committed to reducing their greenhouse gas emissions (Erickson and 
Brase, 2019). Renewable energy is an essential part of this effort since it 
offers a practical solution to reduce one of the primary sources of 
emissions, namely energy production. Aligned with the Paris Agree
ment, "The European Green Deal" set binding targets of 55 % fewer 
emissions by 2030 and reaching carbon neutrality by 2050 were pub
lished by the European Commission in 2019 (European Commission, 
2019). As a member state, the Netherlands not only initially committed 
(The Government of Netherlands, 2019) to a 49 % reduction by 2030, 
but has revised it to a 55 % reduction by 2030. Furthermore, the 
Netherlands announced in 2022 the ambitious goal of increasing its 
offshore wind targets from 11 to 21 gigawatts (GW) by 2030 and aiming 
for 70 GW capacity by 2050 (Netherlands Enterprise Agency, 2021). 
Consequently, cost-effective and environmentally friendly ways of 

turning the Netherlands’ vast wind resource into dispatchable power are 
urgently required.

The intermittent nature of wind generation, coupled with grid 
congestion constraints, promotes the opportunity to transition towards 
green hydrogen as it can serve as a storage or energy carrier within the 
future power system (Van der Welle and De Joode, 2011; Ghaemi et al., 
2023; Barbir, 2005). Additionally, because of the lower costs of trans
porting hydrogen molecules to shore through pipelines compared with 
electrons through cables, anddue to the potential savings by reusing 
current oil and gas infrastructure in the North Sea, the ongoing devel
opment of offshore wind projects offers a strategic opportunity for 
integrating green hydrogen to mitigate costs (Siachos, 2022; Brosschot, 
2022; Amos, 1999). As such, the synergetic relationship between 
offshore wind projects and green hydrogen integration emerges as a 
forward-looking approach to address intermittency concerns and eco
nomic efficiency in the evolving energy landscape in the decarbonised 
power system. Accordingly, the Dutch government has unveiled plans to 
establish the world’s largest offshore green hydrogen production plant, 
installing 500 Megawatts (MW) capacity by 2031 (Buljan, n.d). This 
groundbreaking initiative will feature the deployment of the first 
large-scale offshore electrolysers. This rise in electrolyser capacity poses 
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many challenges, including the increased pure water demand and the 
management of the waste heat released from the electrochemical pro
cess. This scenario is further complicated by the unfavourable impacts of 
thermal pollution on marine ecosystems, as highlighted by Kennedy 
(Kennedy, 2004), which shows the importance of environmentally 
responsible waste heat management. In fact, the waste heat produced by 
Proton Exchange Membrane (PEM) electrolyser could go up to 70-80℃ 
(Joris, 2019; Buttler and Spliethoff, 2018; van der Roest et al., 2023). 
Innovative solutions are therefore needed to prevent the ecological risks 
associated with the disposal of this waste heat into the seawater (Joris, 
2019).

A growing body of work therefore explores hybrid wind–hydrogen 
systems, yet the handling of the electrolyser’s large, low-grade heat 
stream remains largely overlooked. This oversight becomes critical 
offshore, where conventional heat-rejection options are both costly and 
ecologically sensitive. One proposed approach is to leverage this excess 
heat for water desalination using Multi-Effect Distillation (MED) 
(Ellersdorfer et al., 2023). This method harmonises well with PEM 
electrolysers because MED requires low-temperature heat, as it can 
utilise the low-grade waste heat of PEM electrolysers. Conversely, PEM 
electrolysers need water as an essential input for their electrochemical 
process. Therefore, incorporating waste heat from electrolysers into 
multi-effect desalination has the potential to simultaneously enhance 
the overall system resource management for offshore hydrogen pro
duction and mitigate environmental concerns associated with releasing 
heated water into the ocean. Additionally, it is important to recognise 
the common difficulties encountered with the most widely used desali
nation method desalination method, namely Reverse Osmosis (RO), 
such as membrane fouling (Wenten and Khoiruddin, 2016). This can 
cause a decrease in flux, an increase in operational pressures, and higher 
pre-treatment and maintenance costs (Jamaly et al., 2014; Qasim et al., 
2019). Moreover, RO processes require a significant amount of elec
tricity, particularly to overcome osmotic pressures, compared to other 
desalination processes. These shortcomings associated with the RO 
method make the investigation of MED desalination even more 
intriguing.

Against this backdrop, researchers have tested several ways to 
recycle industrial waste heat in MED and related desalination schemes. 
Recent advancements in integrating renewable energy and industrial 
waste heat with MED have demonstrated various innovative approaches 

to improve the thermodynamic and economic performance of the sys
tems. For example, Liponi and colleagues (Liponi et al., 2020) explored 
new configurations for small-scale MED systems that better exploit 
low-temperature heat sources. By enhancing heat recovery, configura
tions implementing seawater preheating could increase the efficiency by 
up to 10 %, making these solutions particularly cost-effective when 
thermal energy costs become relevant (Liponi et al., 2020). Building on 
the concept of thermal efficiency, Zhao et al. (Zhao et al., 2011). con
ducted theoretical analyses focusing on MED desalination for 
high-salinity wastewater. Their work emphasised the importance of 
optimising the number of effects to balance lower costs with increased 
distillate production, highlighting the critical role of feed steam tem
perature and evaporator conditions in enhancing system efficiency 
(Zhao et al., 2011). Further emphasising the importance of energy 
source optimisation, Khalilzadeh and Hossein Nezhad (Khalilzadeh and 
Hossein Nezhad, 2018) investigated the use of waste heat from 
high-capacity wind turbines to provide the necessary steam for MED 
desalination. Their analysis revealed that such integration could provide 
sufficient potable water for a significant population (Khalilzadeh and 
Hossein Nezhad, 2018). Wang et al (Wang et al., 2011). highlighted the 
advantages of low-grade heat-driven MED technologies, particularly in 
terms of minimising carbon dioxide emissions. In line with efforts to 
enhance water recovery and reduce environmental impact, Bamufleh et 
al (Bamufleh et al., 2017). introduced an optimisation approach for 
integrating MED with membrane distillation (MD) to increase fresh
water recovery and decrease brine disposal. This integrated approach 
also proposed thermal coupling with industrial processes to leverage 
excess heat, presenting a compelling case for the cooperation between 
desalination systems and industrial energy efficiency (Bamufleh et al., 
2017).

Aligned with advancements demonstrated in these recent studies, 
integrating MED with electrolyser systems for (offshore) green hydrogen 
production presents a novel avenue for sustainable water use. The 
technical aspects of such integration, including heat transfer mecha
nisms, system design, and operational parameters, present an attractive 
area for investigation. Factors such as the required heat transfer area, 
footprint area, and the optimal design of integrated systems are crucial 
considerations that need to be addressed to assess the viability and 
operability of this innovative approach. To date, however, no study has 
combined PEM-electrolyser waste-heat recovery with dynamic, offshore 

Nomenclature

Ac Heat transfer area of condenser (m2)
Aei Heat transfer area of ith effect (m2)
Bi Brine flowrate (kg/s)
BPE Boiling Point Elevation (◦C)
Cp Specific heat capacity (kJ/kg.◦C)
Di Distillate flowrate (kg/s)
Einput Total electrical energy input
Ereaction Reaction energy
Fi Feed flowrate (kg/s)
GOR Gain Output Ratio
hf Saturated water enthalpy (kJ/kg)
hfg Latent heat of evaporation (kJ/kg)
hg Saturated steam enthalpy (kJ/kg)
HHV Higher Heating Value (kJ/kg)
LMTD Log Mean Temperature Difference
mH2 Mass of hydrogen produced (kg/s)
ms Steam mass flowrate (kg/s)
n Number of effects
Patm Atmospheric pressure (mbar)
Pc Critical pressure (mbar)

Psat Saturated pressure (mbar)
Psat Saturated pressure (mbar)
Pv Vacuum pressure (mbar)
Qi Heat transfer in effect (kW)
Qwaste Waste heat (kW)
Sa Specific heat transfer area (m2/ (kg/s))
SHC Specific Heat Consumption (kJ/kg)
Tbn Last brine temperature (◦C)
Tc Critical temperature (◦C)
Tcw MED cooling water temperature (◦C)
Tf Feed water temperature (◦C)
Ti Temperature of brine or effect (◦C)
TPEM Stack temperature (◦C)
Ts Steam temperature (◦C)
Tsat Saturation temperature (◦C)
Tsw Seawater temperature (◦C)
Tvi Vapour temperature entering the effect
Uei Heat transfer coefficient of evaporator (kW/m2.K)
Uc Heat transfer coefficient of condenser (kW/m2.K)
Vi Vapour flowrate (kg/s)
Xb Brine salinity (g/kg)
Xf Feedwater salinity (g/kg)
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MED operation.
This study makes three novel contributions: 

• Waste-heat utilisation: We develop the first “zero-effect” MED 
concept that taps the 80◦C cooling loop of a 1 GW offshore PEM 
electrolyser, turning a disposal loss into process steam.

• Dynamic, offshore-realistic operation: Using hour-by-hour Dutch 
wind data, we verify that the coupled MED can continuously satisfy 
electrolyser water demand, an operating regime untested in previous 
steady-state studies.

• Platform-level integration: We size heat-exchange area, footprint, 
and brine-temperature rise to prove the layout is feasible and that 
thermal pollution is cut, addressing an environmental gap flagged in 
earlier work.

The goal of this document is to assess the feasibility of integrating 
large-scale PEM electrolysers with MED seawater desalination in the 
North Sea. Firstly, the design characteristics and limitations of such 
integration will be examined, including a comparison between MED 
systems and conventional desalination methods when coupled with PEM 
electrolysers, as well as technical requirements and the potential impact 
on the marine ecosystem due to changes in brine temperature and 
salinity. Secondly, by developing a quasi-steady state model for MED 
desalination, operational conditions and challenges will be assessed. 
This model uses wind data from Dutch offshore wind generation to 
determine if the operational MED can fulfil the electrolyser water de
mand on an hourly basis. By providing a comprehensive understanding 
of the design specifications, technical challenges, and potential benefits 
associated with this approach, this study ultimately contributes to the 
sustainable and efficient offshore production of green hydrogen.

2. Review

Desalination is a critical technology for producing fresh water from 
saline sources, especially in regions where fresh water is scarce. The 
global desalination capacity is significant, with recent figures indicating 
a capacity of 38 billion cubic meters per year, consuming around 
75 TWh of energy, primarily from fossil fuels (Elsaid et al., 2020). This 
highlights the extensive use of desalination technologies and their 

energy-intensive nature. It is useful to build a comparison between the 
most common types of desalination technologies. As shown in Fig. 1.a, 
MED is a thermal process that uses multiple stages (or effects) where 
seawater is heated and evaporated, and the steam is condensed to pro
duce fresh water. This process is particularly energy-efficient compared 
to the Single-effect Distillation thermal desalination method because it 
utilises the latent heat of vaporisation in multiple stages (Brogioli et al., 
2018). The market share of operational desalination technologies 
(depicted in Fig. 1.b) shows a diversified approach, with 
membrane-based technologies, namely RO (68.7 %) and thermal tech
nologies like MED (17.6 %) and Multi-Stage Flash (MSF) (6.9 %) being 
widely used (Curto et al., 2021). It is good to mention that Seawater 
desalination accounts for approximately 61 % of the global desalination 
capacity, indicating a significant reliance on oceanic water sources 
(Jones et al., 2019).

Different technologies are utilised globally, tailored to specific 
geographic and economic conditions. RO is the most prevalent tech
nology and is predominantly used in Europe and other coastal regions 
due to its lower energy consumption compared to thermal methods 
(Greenlee et al., 2009; Fritzmann et al., 2007). MSF distillation is widely 
used in the Middle East and Gulf countries (Ismail, 1998; Mazzotti et al., 
2000), where it accounted for over 44.6 % of regional installations in 
2017 (Moossa et al., 2022). This method is favoured for its large-scale 
water production capabilities and the fact that fossil fuels, which are 
abundant and cheaper in these regions, are used to power these plants. 
Given the arid climate and limited freshwater resources in the Persian 
Gulf, the water demand is critical, making thermal desalination tech
nologies particularly suitable. MED is less energy-intensive than MSF 
and is commonly used in the Middle East and North Africa, often in 
conjunction with renewable energy sources (Curto et al., 2021). Solar 
desalination is emerging as a sustainable alternative, particularly in 
regions with high solar irradiation, such as parts of Africa, the Middle 
East, India, and China. Additionally, hybrid plants that combine various 
desalination technologies, such as RO with thermal processes, are 
increasingly being used to enhance efficiency and reduce costs 
(Hammond, 1996).

According to the existing literature and industrial brochures, a 
comparison of the most common desalination technologies based on 
technological, economic, and environmental aspects is reported in 

Fig. 1. (a) Desalination methods. (b) World operational capacity of desalination plants based on types.
(a) Reproduced from the information of Curto et al. (2021). (b) Reproduced from data in Jones et al. (2019).
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Table 1. RO is susceptible to membrane biofouling due to organic and 
biological matter deposition. This fouling not only necessitates frequent 
chemical cleaning but also shortens the lifespan of the RO membranes. 
The polymeric nature of these membranes makes them prone to degra
dation over time, particularly under harsh operational conditions in 
seawater desalination. In contrast, MED plants have a longer operational 
lifespan due to their robust thermal-based process, which is less affected 
by the feedwater quality and does not involve polymeric membranes 
susceptible to biofouling (Jiang et al., 2017). MED systems, despite their 
advantages, face several operational and economic challenges. The 
complexity of MED systems, which involve multiple stages of heating, 
can lead to higher capital costs compared to simpler desalination tech
nologies like RO (Golkar et al., 2017; Kesieme et al., 2013). Additionally, 
MED plants are susceptible to scaling and fouling, decreasing heat 
transfer efficiency and necessitating frequent maintenance and cleaning, 
though to a lesser extent than RO systems. Furthermore, the reliance on 
thermal energy means that MED plants are most cost-effective when 
integrated with a source of low-cost waste heat or when energy prices 
are favourable. In the absence of such conditions, the operational costs 
of MED can be higher compared to other desalination technologies 

(Elsaid et al., 2020; Do Thi et al., 2021). Furthermore, the lower energy 
consumption and reduced heat transfer area required per kg of water 
produced by MED systems contribute to their economic viability, mak
ing them competitive with MSF processes in terms of technical and 
financial performance (Al-Shammiri and Safar, 1999).

However, it is important to recognise that capital, operational costs, 
and technical performance of desalination technologies’ can greatly 
depend on the specific situation, including plant scale, geographic 
location, available energy sources, and technological advancements. In 
addition, brine disposal methods are also key to assessing the environ
mental issues associated with different technologies and comparing 
them. For brine management, coastal areas often discharge brine into 
the sea, whereas inland regions utilise methods like lined evaporation 
ponds or advanced treatment processes (Ahmed et al., 2001). Thermal 
desalination adds another environmental concern to the system on top of 
brine salinity: the heat available in the brine. This makes brine disposal 
even more challenging, especially in offshore configurations, where 
environmental regulations could limit the brine disposal temperature.

Based on the data of Table 1, MED and MSF produce freshwater with 
salinity below 5 ppm. Although both technologies provide higher- 

Table 1 
Technological, economic, and environmental benefits and drawbacks associated with different desalination technologies. Comparison based on the literature 
(Ellersdorfer et al., 2023; Elsaid et al., 2020; Curto et al., 2021; Fritzmann et al., 2007; Jiang et al., 2017; Al-Shammiri and Safar, 1999; Al-Mutaz, 1996; Swiss, 2024; 
Veolia, 2014; Ihm et al., 2016; Mezher et al., 2011; Khawaji et al., 2008; Raluy et al., 2006; Al-Sahali and Ettouney, 2007).

Criteria / Category RO MSF MED References

Electricity 
Consumption 
(kWh/m³)

Moderate to high 
(3.3–5.0)

Moderate (2.2–5) Low (1.0–1.4) (Ellersdorfer et al., 2023; Curto et al., 2021; Swiss, 2024; 
Veolia, 2014; Ihm et al., 2016)

Possible Unit Size 
(kg/s)

Large (up to 580) Very large (up to 
700)

Moderate (55 up to 290 or 790 with 
TVC)

Achievable GOR Not applicable High (10− 14) Moderate (8− 10)
Number of Effects Not applicable Up to 30 Up to 25
Outlet Water Quality 

(ppm)
Low (40− 400) Very high (<5) Very high (<5)

Pretreatment 
Requirement

High Low Low

Maintenance 
Requirements

High High Low

Spare Parts 
Requirement

High (Membranes) High Low

Heat Transfer Area Not applicable High Low
Failure due to 

Corrosion
High High Low

Periodic Cleaning 
(months)

Moderate (3− 12) Frequent (3− 6) Infrequent (18− 24)

Operation 
Complexity

High Moderate Low

Plan Life (years) Low (12− 15) High (25− 30) High (25− 30)
Capacity Factor (%) Moderate (92− 95) High (96− 98) High (96− 98)
Chemicals needed 

during operation
Coagulant (20 mg/l) 
Flocculant (0.5 mg/l) 
Biocide (1 mg/l) 
Antiscalant (2 mg/l)

Coagulant (20 mg/ 
l) 
Flocculant 
(0.5 mg/l) 
Antiscalant (2 mg/ 
l)

Depends on operating conditions, 
but expected to be similar to MED 
Coagulant (20 mg/l) 
Flocculant (0.5 mg/l) 
Antiscalant (2 mg/l)

Technological 
Benefits

Modular, scalable, 
adaptable

High capacity, 
water quality

Long lifespan, less affected by 
feedwater quality, low energy 
consumption, water quality

Technological 
Drawbacks

Membrane fouling, high 
maintenance

High energy 
demand, scaling 
issues

Complexity, higher energy 
consumption, scaling

(Curto et al., 2021; Fritzmann et al., 2007; Jiang et al., 2017; 
Al-Shammiri and Safar, 1999; Swiss, 2024; Mezher et al., 2011; 
Khawaji et al., 2008; Raluy et al., 2006; Al-Sahali and Ettouney, 
2007)Economic Benefits Lower energy 

consumption than MSF 
and MED

Economies of scale 
reduce costs

Cost-effective with low-grade waste 
heat

Economic Drawbacks High maintenance costs Highest capital 
costs

Higher capital than RO (Curto et al., 2021; Jones et al., 2019; Al-Mutaz, 1996; Mezher 
et al., 2011; Raluy et al., 2006)

Environmental 
Benefits

Lower energy 
requirements, reduced 
emissions

Uses waste heat 
effectively

Lower thermal energy requirement, 
reduced environmental impact

Environmental 
Drawbacks

Brine disposal 
challenges

High thermal 
pollution, brine 
disposal

Thermal pollution and brine disposal (Elsaid et al., 2020; Curto et al., 2021; Ahmed et al., 2001; 
Mezher et al., 2011; Raluy et al., 2006)
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quality water than RO, further purification is still required, because this 
is still insufficient to operate PEMEL as it requires high-purity ASTM 
D1193–06 water (Inc, 2021). The ASTM D1193–06 standard establishes 
a maximum water conductivity of 0.056 5 µS/cm (25◦C) for Type I 
(laboratory water quality) water, (Atlas High Purity Solutions team 
team, 2019), which has been adopted by several PEM electrolyser 
original equipment manufacturers as the minimum water quality 
required (Inc, 2021). Using a 0.5 empirical factor to convert conduc
tivity (in µS/cm) to ppm (Fondriest Environmental Inc, n.d), the total 
dissolved solids have to be between 0.028 and 0.25 ppm. This range 
aligns with the below 0.5 ppm limitation on Total Dissolved Solids (TDS) 
reported by Ellersdorfer et al (Ellersdorfer et al., 2023). Therefore, an 
additional step, called water polishing, is necessary to produce 
high-quality freshwater for all desalination methods to connect them 
with PEMEL. This step can utilize either an Ion Exchange (IX) or a 
Continuous Electro Deionisation method (CEDI) (Ellersdorfer et al., 
2023).

2.1. Multi-effect distillation

In a MED desalination plant, the term "effect" refers to one of the 
sequential stages or units through which the feed water passes and is 
progressively heated and evaporated (Rahimi and Chua, 2017). Similar 
to the concept of a "plate" or "stage" in a distillation column where the 
local equilibrium between the liquid and vapour phases is achieved, an 
"effect" in a MED system is a distinct environment where a portion of the 
feed water is evaporated into steam, which then condenses to provide 
heat for the next effect (see also Fig. 4). This cascading effect allows for 
efficient use of energy and the process is effective at relatively low 
temperatures by creating vacuum conditions inside the effects.

To optimize efficiency, scale management, and operational respon
siveness, various MED configurations have been designed, including 
backward feed (BF), forward feed (FF), parallel feed (PF), and parallel/ 
cross feed (PCF). BF and FF have counter-current and co-current feed
water flows, respectively, affecting scale formation and response times 
to disturbances (Elsayed et al., 2018). PF operates at uniform pressure 
levels for stability, while PCF combines PF and cross-feed features for 
enhanced thermal efficiency (Elsayed et al., 2018). Integrating Thermal 
Vapour Compression (TVC) and Mechanical Vapour Compression (MVC) 
with these configurations further boosts performance (Ettouney et al., 
1999). TVC requires high-quality steam for vapour recycling, enhancing 
thermal efficiency, while MVC utilizes electrical energy for precise 
control and reduced external energy needs, making it potentially more 
suitable for scenarios with excess electricity.

Different metrics can be introduced to quantify the efficiency of the 
MED process. The "Gain Output Ratio" (GOR) is a dimensionless measure 
of the amount of distillate produced per unit of steam input, expressed as 
(Al-Shammiri and Safar, 1999): 

GOR =

∑n

i=1
Di

ms
(1) 

where Di is the mass flow rate of distillate produced in the “ith” effect, 
and ms is the flow rate of steam entering the first effect. The steam 
consumed in the process is an indirect measurement for the amount of 
energy being used for desalination. The “Specific Heat Consumption” 
(SHC), indicating the ratio between energy released by steam conden
sation at first effect and the total amount of distillate produced, typically 
calculated as (Darwish et al., 2006): 

SHC =
2330kJ/kg

GOR
(2) 

where the numerator is the latent heat of saturated steam at 65◦C. 
The Specific Heat Transfer Area (Sa) determines the total heat transfer 
area required per unit of distillate production: 

Sa =

∑n

i=1
Aei + Ac

∑n

i=1
Di

(3) 

where Aei , Ac are the required heat transfer areas for “ith” effect and 
condenser, respectively. 

Aei =
Qi

Uei × LMTDi
(4) 

with Qi and Uei determined using equations available in Table 2, 
and LMTDi is the logarithmic mean temperature: 

LMTDi =
(Tvi − Tf ) − (Tvi − Ti)

ln(Tvi − Tf
Tvi − Ti

)
(5) 

Tvi and Tf are the vapour and feed water temperature entering the 
effect, and Ti is the brine temperature leaving the effect. Similar calcu
lation applies for Ac with the temperature of cooling water at the 
condenser being the seawater temperature (Tsw) that it heats up to the 
cooling water temperature (Tcw).

2.2. Proton exchange membrane electrolysers

A PEM Electrolyser (PEMEL) is an advanced technology for pro
ducing hydrogen gas from water using electrical energy. As schemati
cally shown in Fig. 2, a PEM only allows positive hydrogen ions 
(protons) to pass through while electrons travel around an external 
circuit, creating an electric current. The primary reactions in PEM 
electrolysis are (Aouali et al., 2017): 

2 H2O(l)+Electricity→2 H2(g)+ O2(g)+Heat (6) 

At the anode, water is oxidised to produce oxygen, protons, and 
electrons: 

2 H2O(l)→O2(g)+4H+(aq)+4e− (7) 

At the cathode, protons are reduced to hydrogen gas, utilising the 
electrons from the external circuit: 

4H+(aq)+4e− →2 H2(g) (8) 

PEMELs are able to operate at high current densities, making them 
suitable for large-scale hydrogen production (Shiva Kumar and Hima
bindu, 2019; Villagra and Millet, 2019). In addition, PEMELs can ramp 
up and down their hydrogen output, compatible with intermittent 
power sources like wind and solar, therefore making them attractive for 
green hydrogen production (Marshall et al., 2007). Note that not all the 
electrical energy supplied to an electrolyser is used for the 
water-splitting reaction. In fact, some of this energy is lost as waste heat 
due to various inefficiencies in the system, such as ohmic resistances and 
activation overpotentials. The energy required for the water-splitting 
reaction (Ereaction) is based on the thermodynamic requirement for split
ting water into hydrogen and oxygen, conventionally represented by the 
hydrogen HHV (High Heating Value), that is approximately 39.4 
kWh/kg, and reads as (Bailón et al., 2021): 

Ereaction = mH2 × HHVH2 (9) 

where mH2 is the mass of hydrogen produced. Accordingly, assuming 
an energy input (from e.g., wind turbines) Einput, the waste heat (Qwaste) 
generated by the electrolyser is: 

Qwaste = Einput − Ereaction (10) 

By substituting the values of Einput and Euseful from the equations 
above, we can calculate the waste heat generated by the electrolyser. 
Commercial PEM electrolysers typically consume around 47–55 kWh 
per kilogram of hydrogen produced. Under standard operating condi
tions, this results in approximately 7.6–15.6 kWh/kg H2 of waste heat, 
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Table 2 
Main equations of the steady state model (Elsayed et al., 2018; El-Dessouky and Ettouney, 2002).

Thermodynamic Properties Equations (El-Dessouky and Ettouney, 2002)

Quantity Equation Conditions

Latent Heat of Evaporation (kJ/kg) hfg = 2501.897 − 2.41⋅T + 1.19× 10− 3⋅T2 − 1.59× 10− 5⋅T3 ​
Saturated Steam Enthalpy (kJ/kg) hg = 2501.69 + 1.81× T + 5.88× 10− 4 × T2 − 1.22× 10− 5 × T3 ​
Saturated Water Enthalpy (kJ/kg) hf = − 0.0336 + 4.208× T − 6.2× 10− 4 × T2 + 4.46× 10− 6 × T3 ​
Saturated Pressure (mbar)

Tsat =

(

42.6776 −
3892.7

(ln(P/10000) − 9.48654 )

)

− 273.15 ln(Psat/Pc) = (
Tc

T + 273.15
−

1)
∑8

i=1
fi⋅(0.01(T + 273.15 − 338.15))(i− 1) f1 = − 7.419242 f2 = 0.29721 f3 = − 0.1155286 f4 = 0.008685635

f5 = 0.001094098 f6 = − 0.00439993 f7 = 0.002520658 f8 = − 0.000521868

Tc = 647.286K Pc = 220890 mbar

Boiling Point Elevation (◦C) BPE = A⋅X + B⋅X2 + C⋅X3 A = 8.325⋅10− 2 + 1.883⋅10− 4⋅T + 4.02⋅10− 6⋅T2 B = − 7.625⋅10− 4 + 9.02⋅10− 5⋅T − 5.2⋅10− 7⋅T2 C =

1.522⋅10− 4 − 3⋅10− 6⋅T − 3⋅10− 8 ⋅T2
0 < X < 160ppt 10 < T < 180 ◦C

Specific Heat Capacity of Seawater (kJ/kg.◦C) Cp = 10− 3⋅
(
C0 +C1 ⋅T+C2⋅T2 +C3⋅T3) C0 = 4206.8 − 6.62⋅X + 1.23⋅10− 2⋅X2 C1 = − 1.13 + 5.4⋅10− 2⋅X − 2.27⋅10− 4 ⋅X2 C2 =

1.2⋅10− 2 − 5.36⋅10− 4⋅X + 1.89⋅10− 6⋅X2 C3 = 6.88⋅10− 7 + 1.51⋅10− 6⋅X − 4.43⋅10− 9⋅X2

Overall Heat Transfer Coefficient of Evaporator (kW/m2.K) Ue = 1.9695 + 1.2057× 10− 2 × T − 8.5989× 10− 5 × T2 + 2.5651× 10− 7 × T3 ​
Overall Heat Transfer Coefficient of Condenser (kW/m2.K) Uc = 1.7194 + 3.2063× 10− 3 × T + 1.5971× 10− 5 × T2 − 1.9918× 10− 7 × T3 ​
Steady State Equations for Parallel Feed MED (Elsayed et al., 2018)
​ First Effect ith effect Total Conservation Equation Used
Heat Available Q1 = ms.hfgs Qi = Di− 1.hfg(i− 1)

Distillate Produced Di =
Qi

hfg i + Cpf ⋅
Ti − Tfi

1 −

(
Xfi
Xbi

)

∑n
i=1

Di Mass, Salt, Energy

Feed Flowrate Fi =
Di

1 −

(
Xfi
Xbi

)

∑n
i=1

Fi Salt

Brine Produced Bi = Fi − Di
∑n

i=1
Bi Mass

Validation of Steady State Model
Validation Source Input Parameter (kg/s, g/kg, ◦C) Variable (kg/s) Reference Current Model Difference (%)
El-Dessouky (El-Dessouky and Ettouney, 2002) Tsw= 25, Xf= 42, Xb= 94, n= 4, Tf= 35, Tcw= 31.5, Tbn= 40, ms= 0.4032, Ts= 70 Distillate Produced 1.39 1.44 þ 3.32 %

Feed Flowrate 2.52 2.60 þ 3.23 %
Brine Flowrate 1.12 1.16 þ 3.13 %

Elsayed et al (Elsayed et al., 2018). Tsw= 25, Xf= 35, Xb= 53, n= 4, Tf= 41.5, Tcw= 31.5, Tbn= 45.4, ms= 14.4, Ts= 65 Distillate Produced 53.63 53.19 ¡0.82 %
Feed Flowrate 157.91 156.61 ¡0.83 %
Brine Flowrate 104.19 103.43 ¡0.73 %
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accounting for about 16–28 % of the total energy consumption.

3. Methods

The Python model for process analysis conducted in this study con
sists of three main steps schematically shown in Fig. 3. a, b, c. In the first 
step, a steady-state simulation is performed for MED in parallel feed 
configuration for validation of our model with the studies by Elsayed 
et al. (Elsayed et al., 2018), and El-Dessouky & Ettouney (El-Dessouky 
and Ettouney, 2002). In the second step, the validated model is used to 
define the design characteristics of the MED to cover the maximum 
demand of 1 GW PEMEL. In the third and last step, an analysis of the 
operations of the designed MED is performed, in which the water pro
duction of MED is calculated based on the waste heat available in the 
electrolyser for each hour of a representative year of a 1 GW offshore 
wind farm. For each hourly timestep, the waste heat becomes available 
based on the PEMEL operations depending on the generated wind 
power. The effects of variability on pure water generation are therefore 
assessed and potential water production mismatches are identified. 
Several sensitivity analyses are also performed.

Additionally, the spatial allocation for technologies in offshore en
vironments is a critical consideration. However, reported values for 
desalination plants vary significantly across different references. 
Therefore, in this study, the footprint area required for the MED is 
estimated by assuming each effect is a shell-and-tube heat exchanger. 
According to the Tubular Exchanger Manufacturers Association (TEMA) 
standards, the estimations assume a six-meter shell and square pitch 
single pass heat exchanger. The outside diameter is calculated based on 
the total heat transfer area required and used to determine the footprint 
area in a vertical and horizontal arrangement. The estimated value is 
then multiplied by two to account for the spatial occupancy of other 
equipment and maintenance areas.

3.1. Steady state model validation

The steady state model is developed based on literature with Fig. 3a 
schematically showing the flow of calculations, where equations are 
solved iteratively to achieve the same heat transfer area for all effects 
and energy balance at preheaters. The thermodynamic properties of 
streams are based on the equations of Table 2. These include boiling 
point elevation, specific heat capacity of seawater, water and vapour 
enthalpies, and latent heat of evaporation. The overall heat transfer 
coefficient is calculated at each iteration to derive the required heat 
transfer area at each effect. After model convergence for the effects, the 
condenser heat transfer area, MED metrics such as GOR, SHC, Sa, and 
total distillate production are calculated. Note that the following as
sumptions are made: 

1. The thermodynamic properties of seawater, such as boiling point 
elevation (BPE) and specific heat capacity (Cp), depend only on 
temperature and salinity.

2. The salinity of the brine is assumed to be constant across all effects, 
matching the salinity of the final brine.

3. The distillate salinity is assumed to be zero, indicating it is salt-free. 
Despite this is not the case in the real process, due to the low salinity 
(5 ppm) we do not expect a significant loss of accuracy because of 
this assumption.

4. The impact of non-condensable gases in the vapour on the process is 
negligible.

5. Temperature difference between brine and vapour is equal to BPE.

The model input parameters (to initialise the steady state calcula
tion) are steam temperature (Ts), Steam Flowrate (ms), Seawater Tem
perature (Tsw), Cooling Water Temperature (Tcw), Feedwater 
Temperature (Tf ), feedwater salinity (Xf ), brine salinity (Xbn ), number of 
effects (n), last brine temperature (Tbn ). Among these, Tsw and Xf are 
environmental conditions. Therefore, after validation, these values are 
replaced with 34 g/kg and 12◦C, respectively, to reflect North Sea 
average characteristics (Swertz et al., 1999; Prandle et al., 1997). 
Moreover, the number of effects is a design parameter, and the feed 
temperature is an initial guess. All the other parameters are operation 
conditions of the MED plant and are maintained constant across all the 
models. These operating parameters reflect the actual operating plant in 
Tripoli, which has a capacity of producing 58 kg/s of water (Elsayed 
et al., 2018; Ashour, 2003).

As shown in Table 2, the MED steady state model is validated against 
two different studies, obtaining less than 5 % difference in results with 
sources, confirming the robustness and reliability of our model.

3.2. Modelling

In the design step, the aim is to determine the heat transfer area and 
other characteristics of the MED system that can support PEM hydrogen 
generation at maximum load. The electrolyser data is based on state-of- 
the-art PEM published by the US Department of Energy (“Annual Merit 
Review Presentation Database,” 2024) and scaled for a 1 GW PEM 
working at 100 % of the nominal load. The waste heat input of the 
steady state model is then iteratively increased to achieve the same total 
water production as the maximum water demand of the electrolyser (see 
flowchart in Fig. 3b). After convergence, the obtained design parameters 
are to be used in the operation analysis. Furthermore, this model is used 
to identify the optimal number of effects. An additional sensitivity 
related to the possibility of “over/under-design” the system is per
formed, to assess how this impacts the number of hours for which 
electrolyser water supply is insufficient.

Because the waste heat in PEMEL cooling water is not vapourised, 
converting the waste heat energy available to the corresponding steam 
flow rate and temperatures is a necessary step before starting the MED 
calculations. Therefore, a simple model for a connector evaporator 
named “effect number zero” is developed to couple the PEM data and the 
MED steady state model. Here, the PEM is assumed to operate at 80◦C 
with a 5◦C (ΔTPEM = 80 − 75) temperature difference between inlet and 
outlet of PEM cooling water (see also Fig. 4). Then, the amount of steam 
generated at 10◦C (ΔTS = 75 − 65) lower than the PEM cooling water 
temperature is calculated as shown in Fig. 3d. Consequently, the steam 
temperature entering the first effect is 65◦C (Ts = 80 − ΔTPEM − ΔTS =

65◦C). Later, a sensitivity analysis will be performed to assess how 
temperature differences impact the zero-effect size and the required 
vacuum pressure.

Next, an analysis of the operations of the designed MED is conducted, 
based on the flowchart of Fig. 3c. Hourly wind power generation is 
calculated based on the Netherlands offshore wind data from 2017 
(Koninklijk Nederlands Meteorologisch Instituut (KNMI), 2023), scaled 

Fig. 2. PEMEL process diagram.
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Fig. 3. The flowcharts of the process simulation for a. steady state b. design c. operation models d. zero effect.
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to 1 GW offshore wind farm. A 1-to-1 wind power installed capacity to 
PEM electrolysis installed capacity (e.g., 1 GW wind power to 1 GW 
electrolysis) is assumed. The available waste heat in the electrolyser is 
calculated as described above and a quasi-steady-state model is used to 
calculate the hourly water production of the designed MED. Three main 
operating conditions are recorded at each hourly time step for the in
tegrated system when wind generation is not zero: 

1. Excess Heat: If the available PEMEL waste heat is higher than the 
maximum amount allowed for the designed MED. The excess heat is 
calculated and stored in the results.

2. Normal Operation: The steady state model is solved with the actual 
value of the waste heat (that is smaller than the maximum allowed). 
In this case, the calculated distillate production is higher than the 
PEM water requirement.

3. Insufficient Water Production: In this case, the distillate produc
tion based on the steady state model is less than the electrolyser 
water demand.

When the wind generation is zero, the system is flagged as non- 
operational.

4. Results and discussion

The steady state process diagram of the four-effect MED system plus 
effect number zero with corresponding flowrates and temperatures of 
the streams is shown in Fig. 4. The system achieves a total water pro
duction rate of 50.64 kg/s with a total feed water usage of 141.25 kg/s. 
It also produces 90.62 kg/s of brine at 41.5◦C, which still is an envi
ronmental challenge for the disposal at the sea (Ahmad and Baddour, 
2014). The GOR, SHC, Sa are about 3.69, 631.54 kJ/kg, and 
155.12 m2/kg/s, respectively (see Table 3).

To highlight the potential water production of MED, the steady state 
model was solved for various waste heat energy and temperature to 
obtain the design plane of Fig. 5.a. Based on the data available in 
Steinbach (Steinbach, 2023) a gigawatt-scale electrolyser at 80◦C and 
nominal load would generate 134.37 MW (red plane) of waste heat and 
consume 50.64 kg/s (blue plane) of water to produce hydrogen. 
Although the waste heat is lower than the value reported elsewhere 
(171.1 MW) (Joris, 2019), the energy consumption/waste heat value 
was chosen to reflect the current state of the art of PEMEL (which cor
responds to 46.9 kWh/kg at 100 % baseload cf (Steinbach, 2023), and 
the analysis reveals that the waste heat produced is already significantly 
higher than the thermal energy required to meet the water demand of 
the PEM electrolyser.

Fig. 5b. examines the influence of the number of effects on different 

parameters related to the designed MED. While increasing the number of 
effects generally enhances the efficiency of water recovery (GOR) and 
reduces the energy per unit of distillate (SHC), it also necessitates a 
larger heat transfer area. Therefore, the optimal number of effects could 
be around n values of 2 and 4. Additionally, the analysis considers the 
average saturated/vacuum pressure (PvAve), calculated from the tem
peratures across all effects. The data shows a logarithmic increase in the 
required vacuum level, which implies higher operational energy re
quirements for vacuum pumps in systems with more effects. This leads 
to higher energy consumption in vacuum pumps, making the configu
rations with more effects less attractive. For the rest of this work, we 
decided to further study the MED system with four effects. This choice 
represents a balance between maximizing thermal and water recovery 
efficiencies and minimizing the costs and complexities of larger systems.

Fig. 6.a. shows the hourly water production and consumption 
throughout the sample year. The data has been resampled for 7-hour 
intervals to smooth the curves for a clearer presentation. Analysis in
dicates that there are a few hours with water production shortages, 
while many hours show water production exceeding the demand from 
PEMEL. Where the hours with a shortage of supply are highlighted in 
Fig. 6b., the maximum continuous period of water shortage happens on 
the 8th of Nov between 04:00 and 23:00. During this period, the 
required water storage volume to meet the demand is calculated to be 
2.23 m3. This small storage capacity indicates minimal operational 
limitations under this design scenario. To understand the context better, 
the electrolyser volume is around 50 m3/MW (Inc, 2021). Thus, this 
storage capacity is around 0.004 % of the space a 1 GW electrolyser 
occupies. However, this storage capacity could still be significant in an 
offshore environment as it poses a risk of sloshing and other installation 

Fig. 4. The process flow diagram of MED with mass flow rates and temperatures designed to cover PEMEL working at 80◦C and 100 % of nominal load.

Table 3 
Main metrics of the designed MED.

Parameter Symbol Value Unit

Total water production rate ∑4
i=1

Di
50.64 kg/s

Total feed water usage ∑4
i=1

Fi
141.25 kg/s

Total brine production ∑4
i=1

Bi
90.62 kg/s

Seawater Intake msw 375.52 kg/s
Gain Output Ratio GOR 3.69 -
Specific Heat Consumption SHC 631.54 kJ/kg
Specific Area Sa 155.12 m²/kg/s
Heat Transfer Area Effect 0 Ae0 1061.30 m²
Heat Transfer Area of Effect 1–4 Aei (i = 1to4) 1372.53 m²
Heat Transfer Area of Condenser Ac 1303.86 m²
Total Heat Transfer Area Atotal 7855.28 m²
Vertical footprint area - 22.78 m²
Horizontal footprint area - 129.94 m²
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considerations.
The integrated system operation demonstrates minimal sensitivity to 

variations in stack temperature, as shown in Fig. 6c. It is important to 
note that the water requirement in the PEM is assumed constant while 
only stack temperatures are adjusted to assess their impact on periods 
when the water supply falls short. In real-world conditions, stack per
formance fluctuates with temperature changes, suggesting that water 
consumption should be recalculated accordingly.

Additionally, Fig. 6d. examines the consequences of over- and under- 
designing the MED relative to the maximum demand for PEMEL. 
Notably, under-designing significantly impacts the number of hours 
when water production fails to meet demand. However, overdesign of
fers no benefits, as the data remains unchanged even when the over
design percentage is increased to 3 %. This lack of change is mainly 
because the periods of shortage often occur when waste heat availability 
is low, which typically coincides with reduced wind activity and, 
consequently, lower power input to the electrolyser.

Fig. 7 presents operational data for the electrolyser, sorted by the 
power input. The PEMEL produces 4.98 kg/s of green hydrogen at 
maximum load and requires 50.64 kg/s of pure water. It is observed that 
above 600 MW, or 60 % of the nominal load, the waste heat available 
from the stack exceeds the amount required by the MED. In situations of 

excess heat generation, additional cooling systems must be in place to 
maintain safe operating temperatures for the electrolyser. On the other 
hand, water shortages occur when the electrolyser operates below 
50.6 MW, approximately 5 % of the nominal load. Notably, the elec
trolyser is typically shut down when operating below 10 % of its ca
pacity due to increased hydrogen crossover in these operating 
conditions, which will consequently increase the risk of forming an 
explosive mixture. Therefore, it can be inferred that both the water 
supply limitations and the shortage periods depicted in Fig. 6d. occur 
when the electrolyser system is not operational.

As mentioned, to integrate MED with PEMEL, effect number zero is 
developed with assumptions for temperature differences in PEM cooling 
water and steam generated. Fig. 8 examines the sensitivity of these pa
rameters to the system design attributes, namely the heat transfer area 
and vacuum pressure required for the process. As expected, Fig. 8a. 
suggests that increasing temperature differences decrease the heat 
transfer area of the effect and consequently offer lower cost and spatial 
requirements for equipment. On the other hand, Fig. 8b. shows that 
assuming higher temperature differences increases the vacuum pres
sures required, potentially raising the operation cost to maintain vac
uum conditions and better sealing in the equipment. Therefore, a 
promising avenue exists to analyse the optimum temperature differences 

Fig. 5. Design properties of the MED system a. design plane for possible integration b. different number of effects.
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based on investment and operation costs in future studies.

4.1. Spatial and environmental requirements

The footprint area calculated with this model is 129.94 m2 in a 
horizontal arrangement and 22.78 m2 in a vertical arrangement. To 
clarify the context, according to the HyBalance report, a 25 MW PEMEL 
has a footprint of approximately 297.68 m² (equivalent to ten 40 ft 
containers) (Thomas, 2019). Therefore, a 1 GW PEMEL would require 
11907 m² of land for installation. Although this estimate does not 
include the optional utilities mentioned in the report, the footprint 
required by PEMEL is significantly higher than that of MED. Comparing 
this with manufacturer data, the NEL MC500 model has a specific 

footprint of 22.70 m²/MW if the units are placed next to each other and 
11.35 m²/MW if stacked (nel, 2020), while the Cummins HyLyzer 500 
has similar values (Inc, 2021). The Plug EX-425D model, on the other 
hand, shows a specific footprint of 36.57 m²/MW (Plug, 2024). These 
comparisons suggest that the estimate of 12000 m²/GW is reasonable 
but slightly on the lower end.

To standardise and compare data, the reported footprint area of each 
plant is divided by its distillate production, yielding a specific footprint 
area. The first bar in Fig. 9 shows the average specific footprint for 
desalination plants, as noted by Voutchkov (Voutchkov, 2012). Ac
cording to Voutchkov this value decreases with increasing production 
scale (Voutchkov, 2012). This trend, which aligns with expectations for 
most technologies, suggests that larger plants are more space efficient. 

Fig. 6. Operational analysis results of integrated PEM-MED system. a. MED water production vs PEM water requirements time series. b, hours below demand for the 
sample year. c. PEM temperature variation on hours below demand. d. effect of MED overdesign percentage on the hours below demand.
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While this book mentions a range of up to 3500 kg/s for desalination 
plants, the type of plant is not specified, adding a layer of uncertainty to 
this comparison.

The second and third bars data are derived from an article comparing 
reverse osmosis with MED, indicating that MED requires twice the land 
area of RO for 4380 kg/s of water production (Herber, 2024). Finally, 
the fourth and fifth bars represent the specific footprint from the pro
posed model, aligning closely with the data from the sixth bar, which 
represents a more compact MED with TVC (Adak and Tewari, 2014). 
Because the GOR of MED-TVC plants is typically higher than that of 
standalone MED, they have a lower specific footprint area. It is crucial to 
note that the estimated footprint in the current study does not account 
for the zero effect. Additionally, even in a system without desalination, a 
larger heat exchanger is necessary to cool down the electrolyser waste 
heat before disposal.

While there is still uncertainty around the footprint area of the 
designed MED, other findings suggest that such integration is technically 
operable. Additionally, integrating MED into the system is beneficial 
regarding environmental impact. Meanwhile, the literature suggests 
that higher release points for brine disposal can help reduce its envi
ronmental impact on the marine ecosystem (Blackford et al., 2021). 
According to another source, marine benthic algae in the North Sea, 
such as those near Helgoland, tolerate temperatures ranging between 
0◦C and 28◦C, with no species surviving above 33◦C (Lüning, 1984). 
Integrating MED reduced the temperature of the disposal stream from 
80◦C to 41.5◦C but increased salinity from 34 to 53 g/kg. However, this 
increased salinity seems more manageable (Sola et al., 2020).

Additionally, 234.27 kg/s of seawater at 31.5◦C is generated to cool 
down the condenser. This heated byproduct must also be cooled before 
disposal. Although this falls outside the scope of this study, it presents an 

Fig. 7. PEMEL operational parameters and water production vs electrolyser load.

Fig. 8. Specific footprint area of MED from different sources and comparison between the current model’s results (Adak and Tewari, 2014; Voutchkov, 2012; 
Herber, 2024).
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opportunity to further reduce environmental impact. This stream can be 
used to cool and dilute the brine. However, even then, the system still 
requires an additional heat exchanger to lower the temperature to 
environmentally safe levels before disposal because the mixed stream 
(condenser cooling water and brine) ends up with a combined flow of 
324.89 kg/s (respectively 234.27 kg/s + 90.62 kg/s) with a salinity of 
39.3 g/kg at 34.3◦C (North sea condition: Xf=34 g/kg, Tsw=12◦C).

4.1.1. Limitations
Although the assumptions made in this study simplify the modelling 

process, they introduce certain limitations that may impact the accuracy 
and applicability of the results. Simplifying the thermodynamic prop
erties and process conditions may not capture the full complexity of real- 
world scenarios, potentially leading to discrepancies between the model 
predictions and actual performance. Treating salinity uniformly might 
add small, cumulative effects that can influence system performance. 
Additionally, assuming ideal water purity may not fully represent 
practical conditions where traces of impurities are present. Addressing 
these limitations in future work could enhance the model robustness and 
provide a more realistic representation of the multi-effect distillation 
process. Furthermore, although this study does not consider the pre
heater heat transfer area, its significance might be high due to the low- 
temperature difference between the hot and cold streams, especially in 
the final effects.

The designed system aims to cover the maximum water demand for 
PEMEL’s operation. However, this approach results in many hours 
throughout the year when water production exceeds demand. This 
suggests an opportunity to design a water storage tank to support 
hydrogen production alongside MED. Implementing such a tank would 
allow for a smaller desalination plant, which is advantageous for 
offshore platforms where spatial allocation is crucial. On the other hand, 
lower usage of waste heat can increase the working load on the auxiliary 
cooling heat exchanger and lead to more hot water being disposed of 
into the sea. While this reduces the amount of brine disposal, which is 
beneficial for the environment, the increased hot water disposal has 
negative environmental impacts. Therefore, it is essential to balance 
water production, storage capacity, and environmental considerations 
to ensure sustainable and efficient operation.

According to the operation results, there are no significant limita
tions on the operation of the integrated system. However, there are still 
some questions related to the actual dynamic behaviour of the system in 
the real-life scenario, like the ramping up and down of PEM on the MED. 
A quasi-steady-state model cannot replicate such system behaviours, 
and a transient model must be developed to analyse these situations 
better. Moreover, this study does not consider the maintenance down
time and the degradation of the performance of the systems, which can 
lead to an overestimation of the system performance.

To enhance the accuracy of the results, future work should consider 
revisiting the assumptions made for the steady-state model and devel
oping a transient model for both MED and PEMEL systems. This 
approach would allow for a more accurate prediction of system behav
iour, particularly during ramping up and down scenarios. Additionally, 
modelling alternative desalination technologies such as RO or MSF 
could provide valuable comparisons and help identify the best tech
nology for different operational situations. Further design optimisation, 
based on previous suggestions, is recommended to ensure the most 
efficient integration of PEM electrolysers with MED systems.

For managers of offshore renewable energy projects, this integration 
offers a viable strategy to improve hydrogen production efficiency. This 
approach can facilitate simultaneous water and hydrogen production on 
offshore platforms. Furthermore, water scarcity may become more 
pressing in the region. In that case, policymakers should consider 
incentivising the development of combined renewable energy and 
desalination technologies and adapting regulatory frameworks to sup
port the deployment of these integrated systems. In such a situation, the 
results of this study can guide them through this process. Promoting 
these innovative solutions aligns with national and international climate 
goals, addresses water security challenges, and supports the transition to 
a sustainable energy future.

5. Conclusion

This work is the first to assess, in detail, the technical feasibility of 
coupling a 1 GW offshore PEM electrolyser with a multi-effect distilla
tion (MED) unit that re-uses the stack’s low-grade (≈80 ◦C) waste heat to 
produce its own process water. By uniting waste-heat recovery, dynamic 

Fig. 9. Sensitivity analysis of effect number zero on the impact of temperature differences in PEM cooling water and steam entering the first effect on a. heat transfer 
area and b. vacuum pressure. (At the reference point: ΔTPEM = 5◦C,ΔTS = 10◦C , A0 = 1061.30 m2, Pv = 250.3mbar).
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wind-driven operation and footprint analysis in a single model, the study 
extends earlier onshore or steady-state investigations.

A quasi-steady-state MED model was built, validated against pub
lished plant data, and driven by hourly Dutch offshore-wind power 
profiles. Design variables included a number of effects (n), condenser 
pressure, and heat-exchange area. Performance was tracked via gain- 
output ratio (GOR), specific heat consumption (SHC), specific area 
(Sa), distillate/brine flowrates, unused heat, and platform footprint. 

• A four-effect MED meets the full water demand (50.6 kg/s) of a 1 GW 
PEM electrolyser operating at 80 ◦C.

• Achieved GOR = 3.69, SHC = 632 kJ/kg, and Sa = 155 m²/kg/s, 
confirming competitive thermodynamic performance.

• The MED lowers the cooling-water outlet to 41.5 ◦C but this 90.6 kg/ 
s produced brine, raises local salinity and requiring discharge 
management.

• MED reuses 40 MW of the electrolyser waste heat; 94 MW remain 
when the stack load exceeds 60 %, indicating scope for auxiliary 
heat-recovery or cooling solutions.

• Over-design of the MED has little benefits, whereas under-design 
leads to frequent water shortages.

• Estimated platform footprint is around 130 m² (horizontal layout) or 
23 m² (compact vertical layout), feasible for North-Sea installations.

The analysis assumes vacuum maintenance and neglects detailed 
brine-dispersion modelling; economic metrics were not included. Future 
studies should (i) optimise MED sizing jointly with short-term water 
storage, (ii) evaluate hybrid heat-recovery options for the 94 MW sur
plus, (iii) couple the model to cost and life-cycle assessments, and (iv) 
perform site-specific ecological studies on elevated-salinity discharge in 
sensitive offshore ecosystems.

The findings suggest that such integration is technically operable and 
thus can optimise resource utilisation and mitigate the environmental 
impacts of waste heat disposal. The knowledge gathered from this 
research can direct future efforts to create green hydrogen production 
platforms that are more efficient and sustainable.
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