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Abstract 
As a solution to limiting carbon dioxide emissions in the 

residential sector, multiple technologies have emerged shown 

promising potential. The aim of the dissertation was to study the 

feasibility of hydrogen fuel cells for residential applications for 

cogeneration. The efficiency, emissions and running cost were 

of fuel cells were calculated and compared against heat pumps 

and the existing energy system i.e., gas boilers for the city of 

London and Lisbon. A building, designed in Google Sketchup 

was simulated using EnergyPlus. The outputs given by the 

EnergyPlus were indoor temperatures, heating energy demands 

for all the zones for three floors. After calculations it was found 

that the emissions saved by switching to heat pumps and fuel 

cells for both cities were almost two times. The emissions saved 

is expected to grow more with the use of green hydrogen as 

opposed the current, grey hydrogen with emission rating of 

9.2CO2 kg/kgH2. However, the initial cost of investment for 

fuel cells and heat pumps were €12000 and €7000. The means 

and technology of hydrogen production and making it available 

to the end-users were also studied. It is estimated according to 

the reports of certain projects in the United Kingdom and other 

parts of Europe, the price of hydrogen could be at 2.5 €/kg in 

the near future, hence the price spent on heating energy would 

fall by 15% in Lisbon. To make fuel cells viable, it will be 

imperative for the Portuguese Government to make policies, 

provide incentives and invest in suitable infrastructures.  

 

Keywords 

EnergyPlus; Fuel Cells; Heat Pumps; Residential sector; 

Portuguese Government; Decarbonization. 

 

 

1. Introduction  
 

Global warming is the most severe and dangerous crisis 

humanity has faced in the recent past caused by the advent of 

industrial revolution until now. Industrial revolution, a major 

milestone in our evolution, considerably improved comfort, the 

standard of living and engendered globalization. It has made the 

world a smaller place, bringing people closer together, allowing 

co-operation and creating an ecosystem for a healthy 

competition and thereby, unprecedented progress and 

development. However, the excessive consumption of the 

various primary energies (coal, natural gas, petroleum etc.) and 

unsustainable practices (no treatment of the by-products, 

restraint on consumption) has created an imbalance in earths 

delicate ecosystem. Earth offers plenty of resources for all its 

organisms, however it also needs time to recuperate. 

Technological advancements have allowed us to access and 

consume resources at a pace our environment isn’t accustomed 

to. An average human consumed 40 MWh of energy per year in 

2020, a 56% increase compared to 1965 [2]. This phenomenon 

has consistently and considerably lead to an increase in the 

harmful gases in the atmosphere, rising sea-levels, destruction 

of natural habitats, extreme temperatures in all seasons and rise 

in the frequencies of storms, droughts and floods. There is 

overwhelming evidence for us to agree, the industrial revolution 

has opened the Pandora’s box. 

According to New York Times, the global economic output 

would incur a loss of $23 trillion USD by 2050 as a direct result 

of global warming [3]. An approximate 1oC annual increase in 

temperature has adverse effects on the abundance, behaviour 

and survival of all the living organisms, including humans. 

Climate change has put 10967 species in the endangered 

category [4]. The International Union of Conservation of 

Nature has estimated the extinction of 882 species of plants and 

animals [5]. Pollution, destructive fishing and coral mining has 

cost the world around 30-50% of the coral reefs [6]. Every year, 

the environmental factors, due to climate change, takes the lives 

of around 13 million people [7]. If left unchecked, if we don’t 

make plans for climate change mitigation, extinction of our 

species will be inevitable. 

The Paris Agreement, which came into force on the 4th 

November 2016, is legally binding treaty signed by 196 nations, 

as an attempt to curb the rising temperatures to 20C, 1.50C if 

possible. As a part of the agreement, the nations have vowed to 

make economic, technological and social transformation in the 

way the energy is produced, transported and consumed. This 

would include phasing out conventional energy sources, 

research and development of renewable energy systems, 

investments in innovative energy efficiency technologies and 

designing conducive energy policies that would promote energy 

transition. In order to keep with the promise of achieving a 

circular economy, various strategies and targets have been 

established [9].  

 

The European Union (EU), adopted a 55% reduction in 

emission target by 2030 to keep in line with the climate neutral 

target by 2050. The European Environment Agency (EEA) 

estimates the measures taken have resulted in the decline of 

emissions by 34% as compared to 1990 [11]. Although a 

number of nations have made great strides in energy transition 

by switching to solar & wind energy technologies, the lack of 
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available recycling technologies for turbine blades & solar 

panels and destruction of natural habitat while constructing and 

operating these farms is an issue that no longer be ignored. The 

intermittent nature of renewables forces heavy investments in 

storage technologies, which are not fully developed yet. 

Hydrogen can be viewed as a solution to this conundrum. 

Around 2% (339 TWh) of energy consumption in the present 

day Europe comes from Hydrogen, majority of which is 

produced form natural gas, emitting significant CO2 emissions, 

around 38.51 g CO2 per MJ [12][13][14]. Hydrogen has the 

highest energy density with zero emissions and has only water 

as a by-product when used in fuels cells. If hydrogen is 

produced using renewable electricity and water in electrolysers 

to produce green hydrogen, we can transport it either retrofitting 

existing gas pipelines or using gas cylinders, to reach the end 

user, where they can be burnt or supply to fuel cells to produce 

heat and electricity with zero emissions. There is promising 

research that would the storage in stable solid form. These 

features have encouraged the European Commission to 

expedite the use of hydrogen technology and expects 167- 4000 

TWh consumption by 2050. 

 

2. Literature review 
 

2.1 Hydrogen Infrastructure.  

Hydrogen provides a pathway to clean and sustainable world 

economy. Although hydrogen is 10th most abundant element 

found in earth crust, as water and biomass, it is not available in 

its natural gas molecular form. It is almost always found in 

combination with other elements like oxygen (water) or carbon 

(hydrocarbons). Hence the production of hydrogen, which is a 

significant energy consuming process. It can be produced by 

domestically available sources like clean coal, nuclear energy 

and intermittent renewables (solar, wind etc.). Producing 

hydrogen form solar and wind energy has the potential to 

significantly reduce the energy lost due to curtailment and 

boosts efficiency in storage systems. Countries with existing 

natural gas infrastructure will require practically no investment 

considering that hydrogen can be transported to the end user 

using the gas pipelines. Introducing the use of hydrogen in the 

energy sector would speed up the decarbonization of world 

economy as it has number of stationary (buildings, industries) 

and mobile (heavy duty transport) applications.  

 

2.2 Tracking Buildings 

Energy consumed in buildings in 2020 for heat and electricity 

amount to 72.3 EJ and 41.9 EJ respectively, which had a share 

of 30% in the final energy consumption. Around a third of the 

energy consumed in buildings goes towards space heating, hot 

water generation and cooking. The emissions from buildings 

were estimated to be 9 Gt in 2020 which amounts to 28% of the 

total CO2 emitted. Due to covid there could be noted a decline 

in the CO2 emissions in the building sector but apart from that 

there has been a consistent 1% increase every year from 118 EJ 

in 2010 to 130 EJ in 2020 [24] [1]. In order to keep up with the 

Net Zero Scenario, according to which, new buildings and 20% 

of existing buildings must achieve net zero emissions by 2030. 

Most developing nations are tightening the minimum 

performance requirements, deploying heat pumps and 

renewable energy equipment. Most importantly the use of 

conventional biomass which has caused the deaths of 2.5 

million people has to be phased out. Extreme weather events 

like heatwaves and harsh winters are causing an increase in the 

purchase and utilization of heating and cooling equipment. The 

households with access to heating and cooling equipment grew 

from 27% in 2010 to 35% in 2020 [24] [1], which signifies a 

progress in the standard of living but also in the consumption of 

resources, energy and thereby emissions. This growth is much 

quicker than the improvements bought in energy efficiency of 

thermal equipment. In the following section an assessment has 

been made on potential for hydrogen as a primary source for 

different types of buildings and weather conditions.  

Although hydrogen technology seems like a promising 

application for buildings considering all the positive features. A 

multitude of variables need to be accounted to ensure its 

feasibility such as energy load profile of the building, location, 

weather, efficiency, economic feasibility and overall 

convenience. These factors imply a possibility of the existence 

of multiple technologies (hybrid technologies) in the near 

future, each catering to the unique needs of a specified structure. 

An in-depth analysis is done in the following section to study 

the potential pathways for hydrogen to reach buildings, suitable 

weather profile, fuel cell technology for specific applications 

(heating, cooling etc) and monetary feasibility.  

 

3. Methodology 
 

The number of benefits from using Building Energy Simulation 

(BES) tools are numerous. Chief among them being the ability 

to evaluate the feasibility of various energy systems for a 

particular type of building (residential, commercial etc) for a 

given location (weather profile) with an energy demand and 

consumption type (electricity, space heating & cooling) and the 

thermal comfort level demanded by the occupants. The results 

of the dynamic simulations become more and more accurate 

and in line with the real-life scenarios depending on the nuances 

that are being considered in the BES tool. Although the design 

and simulation become increasing cumbersome with added 

inputs and detail, there are a number of BES tools available that 

have very user-friendly interface. For this dissertation a 

residential building was designed in Google Sketchup [47] and 

the simulation was executed on EnergyPlus6. 

 

3.1 EnergyPlus 

 

EnergyPlus is the official building simulation program of 

United States DOE. This program is promoted through the 

Building and Technology Program of the Energy Efficiency and 

Renewable Energy Office, and EnergyPlus team includes 

National Renewable Energy Lab, Lawrence Berkeley National 

Laboratory, and DOE, among others [49]–[51]. 

Considered as one of the most advanced, well-known, 

widespread and accepted building energy simulation software 

tools over the world [52], [53], EnergyPlus, as defined by the 

official website (EnergyPlus, no date), “is a publicly-available 

whole building energy simulation program that engineers, 

architects, and researchers use to model both energy 

consumption — for heating, cooling, ventilation, lighting and 

plug and process loads — and water use in building”. 
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DesignBuilder allows to visualize and concept the building, 

since EnergyPlus does not have a visual interface. Table 1 

exhibit some of the tools and services supported by EnergyPlus 

and OpenStudio. 

Some of the most relevant inputs of the software are the 

geometry and materials of the building, internal loads and an 

extensive HVAC characterization. Relevant outputs as energy 

needs and consumption, costs, thermal comfort are obtained on 

at least 15min time resolution [54], [55]. Additionally, as 

reported by [56], other capabilities included are solar thermal 

and also photovoltaic systems and fuel cells. Regarding the 

features, some of them are modular systems that are user-

configurable and integrated with the heat and mass balance of 

the zone simulation, or the data structures of inputs and outputs 

that help third party interface development [52].  

 
Table 1. Some of EnergyPlus main features, adapted from [57], [58] 

Name Description and unit 

Inputs Text, IDF/IDD 

Outputs 
Extensive summary and detailed reports 

with user specified time steps 

GUI 

Simulation engine only; 

Third party GUIs: OpenStudio, 

DesignBuilder, etc. 

Algorithms 
Surface Heat Balance; Zone Air Heat 

Balance 

Limitations 
Potentially long run time for detailed 

models 

Time Step Sub-hourly, user definable 

Weather Data Hourly or sub-hourly 

HVAC 
Component based; user configurable 

with some limitations 

User 

customization 

Energy Management System, External 

Interface, Functional Mock-up Interface 

for co-simulation 

Interoperability gbXML, Industry Foundation Classes 

Language Fortran 

Copyright Free download: Open Source 

Other features 
Illuminance and glare calculations 

 

3.1.1 Weather File 

The typical weather file used in the EnergyPlus for the two 

locations is in the epw (energyplus weather) format, where the 

weather data is in epw file is in a comma-separated-value(csv) 

form. The weather file primarily contains the ambient 

temperature, the wind speed and direction, pressure, humidity 

and solar radiation for every hour of the day for the entire year. 

The weather data contained in this file is a result of compilation 

of the most typical days from every month from the past thirty 

years. The file would contain 8761values, each with data 

corresponding to weather profile to every hour of every day of 

the year. The important point to be noted about the epw weather 

file is that the data contained is according to real weather 

conditions but corresponds to a typical value from the past thirty 

years. So, the values of weather profile are not an average but a 

carefully analysed and chosen value from the past thirty years 

 

3.1.2 Geometry creation 

The energy simulation software considered in this paper was the 

EnergyPlus version 6 (DOE, 

2018) and the geometry was defined using Google Sketchup 7 

(Google, 2016). The building created in Google Sketchup 7, 

was a simple one with, three floors and each floor consisting of 

four apartments. Every apartment was designed to have two 

windows. The orientation of the building, location co-ordinates, 

materials of construction, terrain (city, suburbs etc.), 

temperature tolerance etc. can be added and saved in Sketchup 

and later edited in idf editor in EnergyPlus.  

 

3.1.3 Building Specifications. 

The building specifications such as the building geometry were 

drawn in the SketchUp. Open studio converted it to the energy 

plus idf file.  

The major difference in the construction specifications for the 

buildings in two locations under consideration is the thermal 

insulation of buildings in London city. This could have a major 

impact on the difference heating and cooling energy needs for 

both cities. The building was segregated into four zones based 

on orientations i.e., North East, North West, South East and 

South West. Zone wise division based on orientations is 

important as it would adversely affect the heating and cooling 

loads due to wind and solar shading. 

 

3.1.4 Desired comfort levels 

An important practice to be noted is the difference in comfort 

levels. The average thermostat set point for winter is 200Cand 

180Cfor winter in London and Lisbon respectively, while in 

summer its 240Cfor London and 260Cfor Lisbon. This along with 

the infiltration levels, discussed in the next section, have serious 

consequences on the differences in the energy demand of the 

buildings. 

 

3.1.5 Air Infiltration Levels 

The infiltration levels in EnergyPlus are defined as the number 

of air change (i.e., the total volume of air in the room being 

replaced by the ambient air) per hour. This value was set to be 

1 for Lisbon and 0.5 for London. However, the infiltration 

levels cannot be set to be uniform throughout the year. In 

summer as the chances of windows being open are high the 

infiltration values were high as compared to winter. This was 

adjusted and accounted for in the simulation using schedules. 

 

3.1.6 Internal Heat Gains 

 

One of the most important parameters to be considered to 

provide accurate heating and cooling loads are the internal heat 

gains. The heat gains due to people whose values will depend 

on the type of activity they do, for instance whether sitting, 

sleeping walking etc., was taken into account. The heat gained 

by the electrical equipment and lights were fairly standard 

values, which would also vary throughout the year and with the 

hour of the day. The internal heat gains like infiltration levels, 

were adjusted to vary for seasons and time of day using the 

schedule parameters. 

 

3.1.7 HVAC ideal Load System 
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As the motive is to compare the performance of different 

HAVC systems, the HVAC considered in the simulation was an 

ideal one i.e., it had 100% efficiency. The results of the 

simulation were then affected by the typical efficiency of gas 

boiler, heat pump and fuel cell. 

 

3.1.8 Weather File  

 

The weather file which was obtained from EnergyPlus 

website for the two locations was in .epw format. The weather 

file primarily contains the ambient temperature, the wind speed 

and direction, pressure, humidity and solar radiation for every 

hour of the day for the entire year. It was assumed to have a 

non-leap year.  

 

3.1.9 Schedule Compact 

 

Schedule compact is an important parameter in EnergyPlus. 

In schedule compact the schedules of varies activities or uses 

was set throughout the year on an hourly basis. The time of day 

when an equipment will be on/off or the fraction of the full load 

that is being used was also set in schedule compact. Similarly, 

inputs for the number of people and their schedule were 

adjusted with some estimations. The schedule compact feature 

allows a more accurate estimations of the results through 

specific scheduling of desired comfort level, air infiltration 

levels, internal heat gains and thermostat settings. 

 

3.1.9 Outputs  

 

The type of output from the simulations can be demanded 

as we see fit. In this dissertation we aimed to analyse only the 

heating and cooling loads of the buildings in the two cities. 

Hence the heating and cooling loads of each zone of each floor 

was extracted in an excel file for every hour of every of the year. 

This amounted to a total of 8761 sets of values (8760 hrs. in a 

year). 

 

4. Case studies 

 
As mentioned in the sections above, the aim of the 

dissertation is to study the feasibility of fuel cells for 

cogeneration in a residential building, as compared with more 

conventional HVAC equipment.  

One building was designed with three floors each having 

four zones based on geographical orientation, using Google 

Sketchup. The locations chosen for the analysis were London 

and Lisbon. As inputs the main parameters of focus were the 

building geometry, indoor comfort temperature setpoints, 

outdoor temperature (from weather file), air infiltration, 

occupancy schedule, activity schedule, and constructive 

solutions which were all adjusted in the EnergyPlus idf editor. 

The intention was to draw conclusions from the energy demand 

for the two locations throughout the year. The HVAC system 

chosen in the simulation was an ideal load air system. This ideal 

HVAC system is assumed to be 100% efficient, where the range 

heating and cooling limits, airflow ratio, air humidity are pre-

set Table 2 

 

Table 2 Building characterization for Lisbon and London. 

 
 

The key parameters that need to be noted are: 

 

- Buildings from two cities, London (38.7223° N, 

9.1393° W) and Lisbon (51.5072° N, 0.1276° W) 

were studied. 

- Both buildings have the same dimensions, Table 2 

- From the construction characteristics, HVAC 

setpoint and the air infiltration levels, we can see 

that buildings in London are very well insulated 

and the people have a higher standard of required 

comfort level as compared to Lisbon.  

 

5. Results and discussion 

 

4.1 Temperature Profile 

Figure 1 and Figure 2 we can see that the hottest months 

were August and July, where the maximum temperatures 

going around 350C and 270C, for Lisbon and London 

respectively. However, these are extreme values and cannot be 

assumed to be the average. A better inference would be the 

that most of the time in the hottest months the temperature was 

in the range of 180C to 270C for Lisbon and 160C to 210C for 

London. 

 

 
Figure 1 Lisbon Temperture Profile. 

 Lisbon London 

Co-ordinates 38.7223° N, 9.1393° W 51.5072° N, 0.1276° W 

Dimensions of Building (20x20x9) meters 

Dimensions of Windows (5x1.5) meters 

Wall construction Plaster/brick/air 

space/brick/plaster, 

Plaster/brick/8cm EPS 

insulation/air space/brick/plaster. 

Roof construction Concrete/air space/roof 

tile. 

Concrete/6cm wool insulation/air 

space/roof tile. 

Indoor HVAC setpoint 18-26ºC (when occupied) 20-24ºC (when occupied). 

Air infiltration 1 Renovation per hour 

(RPH) [61]. 

0.5 Renovation per hour (RPH) 

[61]. 
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Figure 2 London Temperature Profile. 

We can also concur that the coldest months for Lisbon 

would be January and December with the temperature varying 

from 60C to 120C. Similarly in London the coldest months 

would be January, February and December, where the 

temperature fluctuated between from -10C to 40C.  

 

From the temperature profile, we can conclude that London 

is cold city, hence will not have cooling needs, even during the 

summer as the temperatures seldom goes beyond 250C. In 

Lisbon there are no cooling energy systems due relatively 

comfortable temperatures in summer and as a result of the 

socio-economic choices in the country. 

 

4.2 Energy Load Profile. 

 

We observed that London as higher heating needs. A 

building in London requires 129.87MWh of heating needs for a 

typical year, while for Lisbon its around 80MWh. We can see 

that the higher we go from the ground, there seems to be a 

slightly higher demand in the heating energy needs. Referring, 

Table 3, Table 4 we can analyse the zone wise variation in 

energy consumption in the both buildings. We can infer that in 

both buildings the North East and North West zones demand 

higher heating needs, especially during winter.  This can be 

attributed to the fact that both cities come in the northern 

hemisphere and during winter, the solar insolation is 

considerably less.  

 

Table 3 Zonewise Enery Demand Lisbon. 

 
Table 4 Zonewise Energy Demand London. 

 
4.3 Energy System Performance. 

 

 Table 5, Table 6 summarizes the efficiency performance of 

different energy systems for heating needs in each city. The 

energy system under analysis is the existing system i.e., Gas 

Boilers and proposed systems i.e., Heat pumps and Fuel cells. 

In order to have a better understanding of the efficiencies of 

each system certain calculations need to be explained. 

 

The Coefficient of Performance (COP) of a heating system 

was calculated as a function of the temperature gradient 

between indoor and outdoor temperatures. 

 

- COP = Indoor Temp/(Indoor temp - 

Ambient temp) [63]. 

 

- The losses incurred in the heat pump system was 

considered as 24% [64]. 

- The efficiency of a typical boiler was taken as 92% 

[65]. 

- The fuel cell systems were considered to have an 

efficiency of 125% [66]. 

 

Lisbon 

Month 

South 

East 

kWh/m2 

South 

West 

kWh/m2 

North 

East 

kWh/m2 

North 

West 

kWh/m2 

Jan 15.07 15.27 18.13 18.20 

Feb 10.55 11.01 13.26 13.59 

Mar 7.96 8.36 9.88 10.23 

Apr 3.64 3.98 4.77 5.08 

May 0.89 1.09 1.09 1.29 

Jun 0.04 0.06 0.05 0.06 

Jul 0.00 0.00 0.00 0.00 

Aug 0.00 0.00 0.00 0.00 

Sept 0.00 0.00 0.00 0.00 

Oct 0.28 0.31 0.62 0.68 

Nov 5.83 5.96 8.35 8.38 

Dec 13.54 13.64 17.06 17.02 

 

London 

Month 

South 

East 

kWh/m2 

South 

West 

kWh/m2 

North 

East 

kWh/m2 

North 

West 

kWh/m2 

Jan 18.59 18.47 20.02 19.86 

Feb 18.02 17.76 19.80 19.48 

Mar 12.78 12.32 15.33 14.72 

Apr 7.75 7.27 10.00 9.34 

May 3.46 3.14 4.35 3.93 

Jun 0.44 0.33 0.67 0.50 

Jul 0.15 0.18 0.28 0.33 

Aug 0.18 0.11 0.43 0.29 

Sept 0.63 0.61 1.56 1.45 

Oct 5.57 5.43 7.51 7.26 

Nov 14.40 14.22 15.76 15.54 

Dec 19.99 19.82 21.57 21.35 
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Table 5 Energy System Performance Comparison Lisbon. 

 
Table 6 Energy System Performance Comparison London. 

 
 

4.4. Running Cost. 

 

It can be observed that in Lisbon gas boilers seem to be 

more expensive, while in London heat pumps incur a higher 

running price. Fuel cells are the cheapest to operate due to it’s 

the low price of hydrogen and high energy density. The cost of 

operation of heat pumps however depends on the COP, which 

in turn depends on the temperature gradient. So, it was 

calculated, for values of COP higher than 2.8, heat pumps 

become more economical to operate compared to traditional 

gas boilers. The price of electricity, gas charges, hydrogen and 

other charges associated with energy consumption can be 

found in Table 7. 

 
Table 7 Energy Prices. 

 
 

 

The fact that the temperature gradient varies directly with 

the cost of operation, increases the cost of operation 

significantly in London but not as much in Lisbon. This can be 

attributed to the fact that temperatures in London tends to be 

much lower than Lisbon. Also, in Lisbon the comfort level 180C 

in winter while in London its 200C. These factors result in a 

higher gradient in temperature, which decreases efficiency and 

increases the operating cost of heat pumps in locations with 

weather profile similar to London. 

 

4.3 Emissions 

 

The emissions of the energy systems depend heavily on the 

energy mix of the respective countries. Although the efficiency 

of the utilities in both nations seem to be similar, the energy mix 

of London seems to have more constituents of renewable 

energy as compared to Lisbon for residential applications. 

The emissions associated with the operation of gas boilers 

for a 100 m2 flat in Lisbon gives 1.86 tons/year of CO2, while 

heat pumps and fuel cells emit 0.75 tons/year and 1.17 

tons/year. For a flat with dimensions in London, we can observe 

that the emissions are 3.06 tons/year, 1.58 tons/year and 1.92 

tons/year for boilers, heat pumps and fuel cell respectively. The 

emissions rating for the electricity is expected to go down in the 

future with increasing penetration of the renewables in the grid. 
Table 8 Emission Rating. 

 
According to the current energy scenario in both countries, 

fuel cells and heat pumps seem to be more eco-friendly than gas 

boilers. From  

Table 8, we can see that the emission rating of natural gas is 

lower than the electricity emission rating. However, with the 

progressive integration of renewables in the grid, the use of fuel 

cells and heat pump would consistently save more emissions. 

 

1. Conclusions and future work 

 
The dissertation aims to understand the potential and the 

future scope of hydrogen fuel cell systems to support the 

heating and cooling loads of residential houses, in the city of 

Lisbon and London. To have a clear idea about its feasibility, 

the performance, emissions and running costs of the fuel cell 

system were compared against the gas boilers and heat pumps. 

From the output of the building energy simulation and after 

calculations using excel, it was found that the heating energy 

needs for London and Lisbon were 9.2 kWh/m2 and 5.53 

kWh/m2 respectively. This difference in heating energy demand 

can be attributed to the fact that London is a relatively cold city 

with temperatures ranging from -10C to 40C in winter, while for 

Lisbon it was 60C to 120C. Another reason would be the 

difference in standard comfort level and constructive solutions. 

For instance, in London, the thermostats are usually set to 200C 

in winter, while in Lisbon it was 180C. 

 

Lisbon 
Gas 

Boilers 

Heat 

Pumps 

Fuel 

cells 

The 

whole 

building 

Month 

Energy 

needs 

Heating 

(MWh) 

Energy 

needs 

Heating 

(kWh/m2) 

Energy 

Consumption 

(MWh) 

Energy 

Consumption 

(MWh) 

Energy 

Consumption 

(MWh) 

Jan 20.0 16.6678 21.7 9.7 16.0 

Feb 14.5 12.1010 15.8 6.4 11.6 

Mar 10.9 9.1091 11.9 4.1 8.7 

Apr 5.2 4.3657 5.7 1.6 4.2 

May 1.3 1.0879 1.4 0.3 1.0 

Jun 0.1 0.0542 0.1 0.0 0.1 

Jul 0.0 0.0000 0.0 0.0 0.0 

Aug 0.0 0.0000 0.0 0.0 0.0 

Sept 0.0 0.0000 0.0 0.0 0.0 

Oct 0.6 0.4730 0.6 0.1 0.5 

Nov 8.6 7.1294 9.3 2.8 6.8 

Dec 18.4 15.3162 20.0 8.5 14.7 

 

London 
Gas 

Boilers 

Heat 

Pumps 

Fuel 

Cell 

The 

whole 

building 

Month 

Energy 

for 

Heating 

MWh 

Energy 

needs 

Heating 

(kWh/m2) 

Energy 

Consumption 

(MWh) 

Energy 

Consumption 

(MWh) 

Energy 

Consumption 

(MWh) 

Jan 23.08 19.24 25.1 18.8 18.5 

Feb 22.51 18.76 24.5 20.6 18.0 

Mar 16.55 13.79 18.0 12.4 13.2 

Apr 10.31 8.59 11.2 6.5 8.2 

May 4.46 3.72 4.9 1.9 3.6 

Jun 0.58 0.48 0.6 0.2 0.5 

Jul 0.28 0.23 0.3 0.1 0.2 

Aug 0.30 0.25 0.3 0.1 0.2 

Sept 1.28 1.06 1.4 0.4 1.0 

Oct 7.73 6.44 8.4 3.6 6.2 

Nov 17.97 14.98 19.5 12.7 14.4 

Dec 24.82 20.68 27.0 21.0 19.9 

 

  

Electricity 

Price 

€/kWh 

Gas Price 

€/kWh 

Gas 

Standing 

Charge 

€/day 

Present  

Hydrogen 

€/kg 

Estimated 

Hydrogen 

€/kg 

Lisbon 0.22 0.103 
0.31 4.52 2.26 

London 0.217 0.092 

 

  

Efficiency 

(%) 

Emissions  for 

Residential 

Applications 

(C02 kg/kWh) 

Natural Gas 

emission rating 

(C02 kg/kWh) 

Lisbon 0.42 0.27042 
0.26 

London 0.43 0.193 
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Before analysing the energy consumed, tons of CO2 

emissions and running cost of each energy system for both 

cities, it is imperative to have knowledge and understanding of 

efficiencies of utilities, electricity price, gas price, price of 

hydrogen and the emission rate of the concerned utilities and 

fuels. The efficiencies of both utilities in both countries aren’t 

much different with 0.42 and 0.43 for Portugal and The United 

Kingdom respectively. Now, although Portugal has a higher 

penetration of renewables in the energy mix compared to the 

UK, only 27.97% of final residential electricity consumption 

comes from clean energy sources. This explains the emission 

factor of residential electricity consumption of 0.193 CO2 

kg/kWh and 0.270 CO2 kg/kWh for London and Lisbon, 

respectively. The major suppliers of natural gas in Portugal and 

the UK, have declared the natural gas being 100% non-

renewable and hence with an emission rating of 0.259 CO2 

kg/kWh. As a result of the energy mix in the utilities of both 

countries, which is still dominated by fossil fuels, the use of 

heat pumps and fuel cells over gas boilers, although beneficial, 

the difference is not quite significant yet, in terms of emissions. 

The emission ratings of boilers and fuel cells were calculated to 

be 0.283kg/kWh and 0.177 kg/kWh. For heat pumps, it varied 

between (0.051- 0.177) kg/kWh. 

However, in the future, there is expected to be an 

improvement in the emission rating of electricity all over the 

world. With the advent of green hydrogen, the operation and 

use of fuel cells have the potential to be 100% clean. The energy 

demand for a 100m2 flat in Lisbon is 6.63 MWh while in 

London is 10.82 MWh for a year. As elaborated earlier, this 

results from colder temperatures in London and the difference 

in desired comfort levels between the two nations. As a 

house/flat in London consumes more energy, it would be 

natural to have higher values of energy consumed, running costs 

and emissions. 

The current price of hydrogen in Europe was estimated to 

be about 4.5 €/kg. This contributes to savings worth almost 100 

€/year in Lisbon and 270 €/year in London while switching to 

fuel cells from boilers. In the future with the maturity of 

HyDeploy and Store&Go, projects, hydrogen price is expected 

to fall to 2.6 €/kg for the end-user, further increasing the cost 

savings. 

However, it becomes interesting to compare the operating 

cost of boilers and heat pumps in the two cities. The running 

cost of heat pumps is higher than boilers in London, while the 

contrary is true in Lisbon. This is a direct result of the 

coefficient of performance (COP) of heat pumps in the two 

regions. The COP of heat pumps varies inversely with the 

temperature gradient. The desired indoor temperature in 

London is around 190C-220C while the average outdoor 

temperature throughout the year is 11.430C, and for Lisbon its 

16.290C for outdoors and around 210C for indoors. The average 

temperature gradient in Lisbon is 4.620C but in London, it is 

90C, which is almost twice that of Lisbon. This has adverse 

effects on the efficiencies of heat pumps, hence the operation 

cost as well. The climate of Portugal provides economic 

conditions for the operation of heat pumps. Fuel cells might be 

better suited for London. 

Although the heat pumps have a higher initial investment 

(as much as three times boilers i.e., €7000), they have a lower 

energy consumption due to their supreme efficiency ratings as 

compared to boilers. We can infer the same for fuel cells in 

terms of efficiency as compared to gas boilers. However, the 

initial investment i.e., the cost of the fuel cell which is around 

€12000, is a serious drawback in this comparison, despite 

having significantly fewer running costs. However, if hydrogen 

is made available to residences, similar to gas in pipelines, the 

existing gas boilers can be retrofitted to run on hydrogen. This 

has already been executed in several homes as part of the 

Hy4Heat programme in The United Kingdom. These retrofitted 

hydrogen boilers, can mitigate the high running price and initial 

investment, involved with heat pumps and reduce emissions, 

provided the hydrogen is produced from green energy sources. 

So, the potentially feasible alternatives for gas boilers in the 

UK, are either adapting the existing gas boilers for hydrogen or 

switching to fuel cells. 

For Lisbon, Portugal we can say, with certainty, although 

fuel cells consume less energy and release fewer emissions 

compared to gas boilers, heat pumps would be ideal, 

considering, the abundance of wind and solar energy in 

Portugal, which can be used to produce green electricity, and 

the higher coefficient of performance (COP) ratio of heat 

pumps in locations with a Mediterranean climate. Fuel cells 

considered in this analysis is a high-temperature fuel cell with 

an efficiency rating of 1.25, which would be a close second 

alternative for Portugal but the high cost of these fuel cells 

would be unattractive for the Portuguese market. Portugal lacks 

the infrastructure to supply green hydrogen to the end-users, as 

opposed to the United Kingdom where there are several projects 

already supplying hydrogen to homes. However, with 

continuous research and development, relying on incentives 

provided by the government, gradual reduction in the price of 

energy systems with an increase in the scale of production and 

retrofitting gas pipelines to transport pure or blended hydrogen, 

the potential for fuel cells with zero emissions, is very likely in 

the near future. 

Nevertheless, serious amendments in the energy policy 

framework are mandatory to support any innovative 

technology. The Government has shown promise by striving 

towards providing support and incentives for industries and 

stakeholders that would be directly responsible for the 

manufacturing of fuel cells and green hydrogen. It would also 

be prudent to develop and maintain relationships with 

neighbouring nations to ensure a consistent and cheap supply of 

raw materials and to exploit the benefits of exporting locally 

produced fuel cell systems and hydrogen. 
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