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ABSTRACT 

As the amount of data centers continues to increase, their electricity consumption and 
emissions are being reviewed. The current backup solution is a conventional diesel generator 
running on fossil fuels. As part of climate goals to reduce carbon emissions, renewable energy 
sources like fuel cells running on hydrogen are being considered. The following degree 
project aim to analyse the impact of replacing a fossil-powered backup power system with 
fuel cells as well as providing insights into which parameters affect the economic analysis the 
most. Current studies, reports and websites were used to gather a better understanding of 
fuel cell systems and their key components. The calculations were carried out using values 
obtained from literature which then were used for simulations in Excel. The results indicated 
a net profit for the proposed fuel cell system during the expected lifetime. A proton exchange 
membrane fuel cell (PEMFC) functions very similar to a diesel generator while reducing 
emissions. While the operating costs for the conceptual FC system are lower, the initial 
investment is much more expensive compared to the diesel system. Even though the 
economic investment yields a negative profit, large carbon dioxide savings are made. To give 
a better understanding of how different aspects impact the economics a sensitivity analysis 
was also carried out. While the current results show that the investment is not feasible, many 
of the parameters analysed in the sensitivity analysis indicate a more hopeful future forecast.   
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SUMMARY 

As there are strong incentives to reduce the usage of fossil fuels in every part of society, 
renewable energy sources like hydrogen are being considered for all different kinds of 
applications. Data centers are becoming increasingly important to our society and must be 
always kept online. Until now, diesel generators have been used as backup power system 
(BPS) during outages. This study aims to propose a theoretical replacement using proton 
exchange membrane fuel cells running using hydrogen as fuel. A conceptual 2 MW backup 
power system using fuel cells was modelled to replace the diesel generator.  
 
Many aspects like investment cost, fuel costs and lifetime for the fuel cell system are 
uncertain depending on future developments and changes to political decisions like taxes. As 
these aspects significantly impact the economic incentive to transition to fuel cells, the results 
proposed in this work might not be applicable for future projects. With the assumptions 
made, which are based on current studies and commercial products, the payback time for 
replacing a BPS diesel system with fuel cells was calculated to 17 years. This resulted in a 
negative net present value (NPV) of -1,7 MSEK due to the expected fuel cell lifetime of 15 
years. As the fuel cells were assumed to utilize green hydrogen as fuel, a saving of 5951-ton 
carbon dioxide was made.  
 
A sensitivity analysis was also carried out where the key factors, which included the runtime, 
fuel cell price, hydrogen price, carbon price, diesel and expected lifetime,  
were varied to visualize their respective economic impact. Considering a runtime increase of 
20% from the base scenario 0f 288 hours, a positive NPV of 2,4 MSEK and a payback time of 
14 years can be achieved. A 20% decrease in hydrogen price reduces the payback time to 13 
years and a positive NPV of 3,8 Million can be achieved at the end of the lifetime. For the 
sensitivity analysis for carbon price, a price increase of 40% resulted in a positive NPV of 8,6 
Million which reduced the payback time to 15 years. A positive NPV of 4,9 MSEK and a 
payback time of 13 years were obtained with a 20% increase in diesel price. By increasing the 
expected lifetime with two and four years a NPV of 1 and 3,8 MSEK were achieved. A 20% 
drop in investment cost for the FC system reduces the payback time to 13 years and results in 
a positive NPV of 7,9 MSEK.  
 
While it is not economically feasible to invest in fuel cells at the current state, future changes  
to the key factors can quickly change this. If increases to the diesel price and carbon taxes 
continue, which seem reasonable given the current climate goals, the savings for the FC 
system becomes larger. Decreases to costs associated with the fuel cells, which also seem 
likely given technology advancements, increases the savings which reduce the payback time 
and increases the NPV.  
 
Keywords: Diesel, Fuel cells, Hydrogen, Carbon, Data center, NPV, Backup power system 

  



 
 

CONTENT  

1. INTRODUCTION ................................................................................................................. 1 

1.1. Background .................................................................................................................. 1 

1.2. Purpose/Aim ................................................................................................................. 1 

1.3. Research questions ..................................................................................................... 1 

1.4. Delimitation ................................................................................................................... 2 

2. METHOLOGY ...................................................................................................................... 3 

2.1. Literature study ............................................................................................................ 3 

2.2. Calculations .................................................................................................................. 3 

3. THEORETICAL FRAMEWORK AND LITERATURE STUDY ........................................... 4 

3.1. Data center classification ........................................................................................... 4 

3.2. Backup Power system ................................................................................................. 4 

3.3. Diesel generator theory ............................................................................................... 4 

3.3.1. Diesel storage ...................................................................................................... 5 

3.3.2. Diesel Price .......................................................................................................... 5 

3.3.3. Expected Lifetime ................................................................................................ 6 

3.3.4. Diesel system Maintenance ................................................................................. 6 

3.4. Fuel Cells ...................................................................................................................... 7 

3.4.1. Fuel Cell Function ................................................................................................ 7 

3.4.2. Power Conditioners .............................................................................................. 7 

3.4.3. Stacking of fuel cells ............................................................................................ 7 

3.4.4. Proton Exchange Membrane (PEM).................................................................... 8 

3.4.5. Humidifiers ........................................................................................................... 8 

3.4.6. Cooling methods for PEMFC ............................................................................... 9 

3.4.6.1. LIQUID COOLING ......................................................................................... 9 

3.4.6.2. PHASE CHANGE COOLING ......................................................................... 9 

3.4.7. Fuel Cell Design and Function............................................................................. 9 

3.4.8. Existing Projects................................................................................................... 9 

3.4.9. Degradation and Lifetime ................................................................................... 10 

3.4.10. PEMFC UPS Maintenance ................................................................................ 11 

3.5. Hydrogen..................................................................................................................... 11 

3.5.1. Types of hydrogen ............................................................................................. 12 

3.5.2. Hydrogen storage .............................................................................................. 12 

3.5.3. Alkaline Water Electrolysis ................................................................................ 13 

3.5.4. Polymer Electrolyte Membrane Electrolysis ...................................................... 13 



 
 

3.5.5. Solid Oxide Electrolysis Cells ............................................................................ 14 

3.5.6. H2 Market ........................................................................................................... 14 

3.6. Carbon trading systems ............................................................................................ 14 

4. CURRENT STUDY ............................................................................................................ 15 

4.1. Diesel generator ......................................................................................................... 15 

4.2. Key Performance Indicators (KPI) ........................................................................... 16 

4.2.1. Capital Cost ........................................................................................................ 16 

4.2.2. Operating and Maintenance Cost ...................................................................... 16 

4.2.3. Payback time ...................................................................................................... 16 

4.2.4. Net Present Value .............................................................................................. 16 

4.3. Data Collection ........................................................................................................... 17 

4.3.1. Diesel production cost........................................................................................ 17 

4.3.2. Fuel cell operating cost ...................................................................................... 17 

4.3.3. Carbon Tax ........................................................................................................ 17 

4.4. Scenarios .................................................................................................................... 17 

4.4.1. Runtime .............................................................................................................. 17 

4.4.2. Fuel Cell Price .................................................................................................... 18 

4.4.3. Hydrogen Price .................................................................................................. 18 

4.4.4. Carbon Price ...................................................................................................... 18 

4.4.5. Diesel Price ........................................................................................................ 19 

4.4.6. Lifetime ............................................................................................................... 19 

5 RESULTS .......................................................................................................................... 20 

5.1. System costs and emissions ................................................................................... 20 

5.2. Sensitivity analysis .................................................................................................... 21 

5.2.1. Runtime .............................................................................................................. 21 

5.2.2. Fuel Cell Price .................................................................................................... 22 

5.2.3. Hydrogen Price .................................................................................................. 23 

5.2.4. Carbon Price ...................................................................................................... 24 

5.2.5. Diesel Price ........................................................................................................ 25 

5.2.6. Lifetime Analysis ................................................................................................ 25 

6 DISCUSSION GÖR UNDERRUBRIKER .......................................................................... 27 

7 CONCLUSIONS ................................................................................................................ 28 

8 SUGGESTIONS FOR FURTHER WORK ........................................................................ 28 

REFERENCES ......................................................................................................................... 29 



 
 

 

APPENDIX 1: DIESEL GENERATOR DATASHEET 

 
Figure 1 Pressure-volume diagram and Temperature-entropi diagram for a Diesel cycle ........ 5 
Figure 2 History of diesel type 2 price ....................................................................................... 6 
Figure 3 Cost breakdown of Diesel price, information about taxes ........................................... 6 
Figure 4 Schematic of working principle for PEMFC ................................................................ 8 
Figure 5 Schematic of existing UPS using fuel cells ................................................................. 10 
Figure 6 Performance curve for constant load PEMFC  ........................................................... 11 
Figure 7 Performance curve for start stop load of PEMFC ....................................................... 11 
Figure 8 System flow schematics of Alkaline Water Electrolysis (AWL) ................................. 13 
Figure 9 Fuel consumption as a function of load for a given diesel generator Fuel Cells ........ 15 
Figure 10 Investment Costs for diesel and fuel cell systems .................................................... 20 
Figure 11 Estimated cash flow for fuel cell system ................................................................... 20 
Figure 12 CO2-emissions for the diesel generator during the lifetime ..................................... 21 
Figure 13 Sensitivity analysis for different runtime scenarios .................................................. 21 
Figure 14 CO2 Emissions for different runtimes ..................................................................... 22 
Figure  15 Sensitivity analysis for fuel cell investment price ................................................... 23 
Figure  16 Sensitivity analysis for Hydrogen Price .................................................................. 23 
Figure 17 Sensitivity analysis for Carbon Tax .......................................................................... 24 
Figure 18 Sensitivity analysis for varied diesel price ............................................................... 25 
Figure 19 Sensitivity analysis for varied fuel cell lifetime ........................................................ 26 
 

LIST OF TABLES 

Table 1 NPV for Sensitivity analysis for BPS with different runtime ....................................... 22 
Table 2 Payback time for Sensitivity analysis for BPS with different runtime ........................ 22 
Table 3 NPV for sensitivity analysis ......................................................................................... 22 
Table 4 Payback time for sensitivity analysis ........................................................................... 23 
Table 5 Payback time Sensitivity analysis for different hydrogen prices................................. 24 
Table 6 NPV Sensitivity analysis for different hydrogen prices ............................................... 24 
Table 7 NPV Total costs for BPS with sensitivity analysis for carbon tax ................................ 24 
Table 8 NPV for Sensitivity analysis for FC system with various diesel prices ....................... 25 
Table 9 Payback time for Sensitivity analysis for FC system with various diesel prices ......... 25 
Table 10 Lifetime analysis ........................................................................................................ 26 
 

DESIGNATIONS 

Abbreviation Description Unit 

kWh Kilowatt hours kWh 

W Watt W 



 
 

Abbreviation Description Unit 

MW Megawatt GW 
 

ABBREVIATIONS 

Abbreviation Description 

FC Fuel Cell 

BPS Backup power system 

PEM Proton Exchange Membrane 

NPV Net Present Value 

KPI Key Performance Indicators 

UPS Uninterruptable Power System 



1 

1. INTRODUCTION 

Data centers have become a fundamental part of today’s society and its infrastructure. Data 
centers host and store everything from documents and services to emails and databases. 
Without them, many of the largest companies in the world would not be able to operate. The 
standard praxis for data centers is to use grid power and utilize batteries together with diesel 
generators when a blackout occurs. As part of the Paris agreement, it is stated that all 
countries shall limit and reduce their fossil fuel according to United Nations Climate Change 
(2015). Thus, there is an incentive to reduce the usage of fossil fuels, including diesel. Fuel 
cells using hydrogen can also be used to generate electricity and provide a clean alternative to 
diesel generators, depending on how the hydrogen is produced.  

1.1. Background  

For most industrial application, the main power supplied from the grid is complimented with 
an uninterruptible power supply (UPS) together with a power generator (Hurley, 2020). A 
data center is a central hub for storing, processing, and distributing large amounts of data 
and applications for a company. The data generated every day at work and on our spare time 
is growing exponentially Price, D (2021). Protecting data and processes and preventing 
critical information from being compromised or lost is critical, and this can only be ensured 
with continuous, high-quality power. Usually for UPS using diesel generators, the diesel 
generators only run when there is an outage to keep the data center running. Diesel is a fossil 
fuel and thus emit numerous emissions including carbon dioxide. Sweden has a climate goal 
of having zero net emissions year 2045, thus most fuel cells provide an alternative to diesel 
generators while, depending on fuel used, release far less emissions. The fuel cells technology 
already exists but there still exists very few commercial solutions for large data centers.  

1.2. Purpose/Aim 

The purpose of the degree project is to analyse and discuss the impact of replacing fossil 
powered diesel generators with hydrogen fuel cells as backup power for data centers. This 
work also aims to give a better understanding of the key parameters affecting the economic 
feasibility of a fuel cell backup power system investment.  

1.3. Research questions 

• How feasible is it to use fuel cells to replace the backup power system based on diesel 

generator? 

• How much can the backup power system based on fuel cells reduce emissions caused 

by the current solution? 

• Which are the key factors affecting the economics using fuel cells as backup power for 

data centers? 
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1.4. Delimitation 

The work will only cover the feasibility of fuel cells as UPS, not any other applications or uses. 
The project will only discuss proton exchange membrane fuel cells (PEMFC) as it is the most 
convenient option for backup power. Only a limited amount of data will be used for the 
calculations and thus the results may not be applicable to all varieties of UPS using fuel cells. 
Hydrogen can be produced from both fossil fuels (natural gas and coal), as well as water 
through an electrolysis process. This thesis will only cover the use of green hydrogen as fuel 
for the fuel cells, which is what hydrogen produced with renewable energy sources is typically 
referred to. This thesis will only discuss fuel cells using pure hydrogen with proton exchange 
membrane (PEM). To simplify the calculations, it is assumed that the fuel consumption for 
both the diesel generators and fuel cells are constant, which might differ from real life. The 
maintenance cost is dependent on the runtime and expected lifetime, which both vary vastly 
and therefor this cost has been excluded. As there is a big uncertainty regarding the expected 
lifetime and degradation for FC, therefor no degradation has been assumed for calculation 
purposes. Due to the large uncertainties regarding pricing and the lack of information from 
manufacturers, only conceptual costs will be used for calculations and no real data from any 
fuel cell producer.  
 
  



3 

2. METHOLOGY 

This section describes the method used to conduct the research stated in this degree project.  

2.1. Literature study 

The project will use current and older reports, books, and articles to gather information 
primarily related to fuel cells, diesel generators and data centers. Reports from credible 
institutions like the international energy agency (EIA) were used for information about 
system costs. Using these sources, a basic understanding of UPS, fuel cells and diesel will be 
given. Technical reports will also lay as a foundation for the energy and economy 
calculations, where equations and assumptions from other reports and literature will be used.  

2.2. Calculations 

The degree project will discuss and compare both the economic and environmental impact of 
respective technology. The calculations and equations for the economic and environmental 
aspects will be derived from degree projects and other relevant documents. The calculations 
will be made using theoretical assumptions and using no real data and thus be more 
simplified. The degree project will assume a total runtime for a year and make appropriate 
calculations accordingly, for example assuming a constant fuel consumption which might not 
be accurate. In practice the start-up phase of the UPS could yield a higher fuel consumption 
than operation at steady state. The manufacturers of most commercially available systems 
today do not openly share their prices and therefor estimates from reports have been used to 
calculate a conceptual price for the fuel cell system. For the fuel consumption, an assumption 
has been made that the conceptual unit will have the same consumption as an already 
existing fuel cell product. When calculating the carbon tax for the diesel generator, the 
carbon content of the diesel fuel was collected from online sources to estimate the total 
carbon emitted in the combustion process of the generator.  
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3. THEORETICAL FRAMEWORK AND LITERATURE STUDY 

The following section will describe the necessary components for both a diesel and hydrogen 
system. As there exist multiple different kinds of fuel cells a brief introduction to the most 
noteworthy ones will be carried out. Beside the primary unit there also exist other 
components needed to have a fully functioning UPS. The most important ones including 
tanks, electronics and pressurizers. Some already existing projects will also be described to 
give a better understanding of the current state of the technology.  

3.1. Data center classification 

According to Velimirovic (2021) there are four types of different data center classifications. 
These are classified from tier 1-4, where 1 has the largest downtime and security while tier 4 
has the smallest. Primarily tier 3 and 4 are used for larger companies and organizations 
which demand higher reliability and backup power. A tier 3 data center must be able to 
provide backup power for at least 72 hours and no more than 1.6 hours of total downtime per 
year. A tier 4 data center must provide a minimum of 96 hours backup power and a 
maximum of 26.3 minutes downtime per year. Staff must be always on site. Eska and 
Corneille (2018) states that equipment can either have a backup power source (BPS) or an 
uninterruptable power source (UPS) but for data centers of type 4 both systems must be 
installed.  

3.2. Backup Power system 

Most data centers utilize two systems for power during outages. The backup power 
generation system often take time before being able to operate at full power and therefor also 
a second system is included. This uninterruptable power supply (UPS) provides 
instantaneous power during outages. The backup power system need time before operating at 
full load and therefore an UPS is also needed. There exist multiple types of uninterruptable 
power systems but for data centers primarily online systems are used (FS Community, 2021). 
Online UPS are always connected to the data center and therefor have no response time, thus 
they are the preferred choice for sensitive equipment like data centers. This kind of system 
utilize both a rectifier and an inverter to convert between ac and dc. This creates a smoother 
voltage with a voltage ripple of 2-3%. Even though its primary function is to supply power 
during outages, the UPS can also be utilized during times of high demand on the electricity 
grid.  

3.3. Diesel generator theory 

Diesel generators can be approximated as diesel cycle. Much like a fuel cell, chemical energy 
is converted to electrical energy, for a diesel cycle however the fuel is combusted (Mishra, 
2017). In a diesel cycle the air is compressed from point one to two with a constant entropy, 
which is an isentropic process. From point two to three, heat is added to the system at 
constant volume. From point three to four, the air expands in the system and work is 
produced, which in this case is used to drive an alternator, which in turn drives the generator.  
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Figure 1 Pressure-volume diagram and Temperature-entropi diagram for a Diesel cycle (Mjeje, 2017) 

 
 

3.3.1. Diesel storage 

In temperatures of 30 degrees Celsius, diesel energy can last for 6 to 12 months according to 
Kendrick Oil (2015). The gasoline will also start to reply with the oxygen in the tank. Diesel 
may come slippery because of this interaction. However, it can block energy pollutants, 
causing machine problems, if diesel turns slippery. The slippery gasoline won't burn duly, 
performing in a film of soot and carbon on the inside of the machine. One possibility is to 
apply oxidation- defying stability treatments. Declination of diesel energy can also be caused 
by other sources. Fungus can develop in the presence of water in the energy. Fungus can 
produce organic chemicals that break down diesel motes (Kendrick Oil, 2015). The gumming 
process can be accelerated by high temperatures. When essence like zinc and bobby 
meet diesel energy, they can spark a chemical response. Certain chemicals have been shown 
to quicken the aging process. Diesel is a combustive liquid that should be handled and stored 
with care. The diesel energy should be kept in a secure position. A below- ground vessel can 
be placed within a structure or beneath a spare- to. This placement keeps water out of the 
tank and prevents the diesel from sinking due to radiant heat. 
 
It's critical to avoid water accumulating on top of the tank. combined water may erode 
essence holders and promote nonentity and bacterial development on all holders. It's also 
pivotal to keep an eye on the water position in the storehouse tank. Condensation will collect 
water, which will drop on top of the diesel energy. Accumulated water is a perfect parentage 
niche for bacteria, which can beget the diesel energy to break down precociously. One system 
is to drain the water. Using biocide complements is another option. 

3.3.2. Diesel Price  

There are different types of diesel fuel depending on factors like outside humidity and 
temperature, for the discussed generator diesel of type two is used as stated in the datasheet. 
In figure 2, price history of diesel type 2 from the US Energy Information Administration 
(2022) can be observed throughout the years. This is the retail price in the USA, which have 
different taxes compared to Sweden (EIA, 2022). EIA (2022) states that an excise tax of 24,3 
cents per gallon as well as a storage fee of 0,1 cents per gallon is paid on diesel. The retail 
price of 5,12 USD/gallon converts to 4,876 before tax. With the assumption that one gallon 
equals 3,7854 Litre, this translates to 1,2882 USD/Litre or 12,95 SEK/Litre.  
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This is considered the production price for diesel of type 2, to which the Swedish taxes are 
added to. 25% of the production cost is added to the price as VAT. An energy tax of 1,06 
SEK/Litre and a carbon tax of 2.29 SEK/Litre is also added. A 25% VAT is also applied for 
these two taxes. The total price then equals 20,37 SEK/Litre.  
 

 
Figure 2 History of diesel type 2 price (EIA,2022) 

 

 
Figure 3 Cost breakdown of Diesel price, information about taxes from Ekonomifakta (2022) 

 
 

3.3.3. Expected Lifetime 

According to Worldwide Power Products (n.d.) the expected lifetime for diesel generators 
ranges from 12 000 – 20 000 hours. The generators can then be serviced and do not need to 
be replaced. The lifetime is also affected by the load, as a generator running on a low 
percentage of its maximum capacity might reduce its expected lifetime.  

3.3.4. Diesel system Maintenance 

According to CATL (2010), the maintenance interval depending on the type of oil pump used, 
ranges from 250-1000 hours. As the diesel engine has many different moving parts, friction 

Diesel Price Components  

Production Cost VAT Energy Tax Carbon Tax VAT on energy and carbon tax
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and losses are hard to avoid. Lubrication is there for crucial to ensure full functionality and 
performance. Beside lubrication, change of oil and coolant are some of the most important 
factors of the maintenance of a diesel engine.  
 

3.4. Fuel Cells 

The basic working principle of a fuel cell is that it is a cell that convers chemical energy to 
electrical energy. This happens through the process of electrochemical reactions. A fuel cell 
consists of three different parts, an anode, a cathode and an electrolyte. The material used 
differ depending on the type of fuel cell used. The different types of fuel cells also use 
different fuels. Fuel cells suitable for backup power generation can mainly be divided into 
three types depending on the fuel used: Methanol, Hydrogen or Liquified petroleum gas 
(LPG). Depending on the fuel used, the system components also vary. The most important 
components will be discussed in the following section. The principle of PEM cells and their 
cooling as well as stacking of the cells will be covered.  
 

3.4.1. Fuel Cell Function 

A fuel cell utilizes an electrochemical process to generate electricity from fuel, much like a 
battery (Smithsonian Institute, 2017). In this way it's more like a battery. The difference 
between a fuel cell and a battery is that a battery is a closed system with a finite quantity of 
fuel to convert whereas the fuel cell can be observed as an open system where fuel is injected 
from an external source. Much like a battery, a fuel cell consists of an electrolyte in between 
two electrodes in the form of an anode and cathode to chemically convert fuel to energy and 
electricity (Nice & Strickland, 2000). When a fuel comes into touch with the anode, the 
process begins. The anode contains a catalyst that oxidizes the fuel, separating it into 
positively and negatively charged ions and electrons. The positive ions travel through the 
electrolyte to the cathode after the split. The electrons are unable to flow through the 
electrolyte and must go to the cathode through a wire, resulting in DC current electricity that 
may be used to operate a device like as a motor. When the ions and electrons reach the 
cathode, they are reunited in a reduction process by a catalyst and an oxidant. As a result, a 
waste by-product is produced, which always contains some heat. Water is a waste by-product 
in hydrogen fuel cells (in which hydrogen is the fuel).  
 

3.4.2. Power Conditioners 

A fuel cell must be coupled with a power conditioning system to adjust the electricity which 
includes regulating its voltage, frequency and current as stated by (Hydrogen and Fuel Cell 
Technologies Office, n.d.). The current provided by the fuel cell is direct current (DC) and 
therefore must be converted to alternating current (AC) to be used for applications like data 
centers.  

3.4.3. Stacking of fuel cells 

As stated by Song et al (2022), the voltage of a single fuel cell is typically very low and thus 
multiple cells are assembled which forms a stack. One of the most important in a fuel cell 
power system's is the fuel cell stacking. Office of energy efficiency & renewable energy(n.d.) 
states that it uses electrochemical processes in the fuel cell to create power in the form of 
direct current (DC). The output of a single fuel cell is less than 1 volt, which is inadequate for 
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most applications. Therefor individual cells are connected in series which creates a stack. 
Usual stacks consist of a few hundred cells. The quantity of power generated by a fuel cell is 
determined by several parameters, including the fuel cell type, cell size, operating 
temperature, and the pressure of the gases fed to the cell. 

3.4.4. Proton Exchange Membrane (PEM)  

The fuel cell consists of a membrane that allows the protons of the hydrogen to pass through 
to the cathode side of cell. As the electrons cannot pass through the membrane they are thus 
forced through an external passage, which generates electricity.  
 
As stated by Faghri et al (2005) proton exchange membrane fuel cells (PEMFC) primarily 
consist of three components, bipolar plates, gas diffusion layers and membrane electrode 
assemblies (MEA). The MEA itself consist of two electrodes with a proton exchange 
membrane between the electrodes. Oxygen from the air is reduced in the cathode and the 
hydrogen is oxidized in the anode. The hydrogen enters through the flow channel in the 
anode, then passes the gas diffusion layer before reaching the catalyst layer.  
The reverse process occurs for the air, which is first introduced to the cathode channel before 
passing the gas diffusion layer and then reaching the catalyst layer.  
 
An advantage of PEM fuel cells is their low operating temperature of around 60℃ (Nedstack, 
2021). The start-up time can be as low as two minutes, making sure that the UPS battery do 
not have to run for a long time before the fuel cell system operate at full power. Nedstack also 
state that the low temperature is optimal to use for heating with residual heat from the fuel 
cell.   
 
 

 
Figure 4 Schematic of working principle for PEMFC, courtesy of Faghri et al (2003) 

3.4.5. Humidifiers 

Many fuel cell systems contain an intake air humidifier because the polymer electrolyte 
membrane at the core of a PEM fuel cell does not function properly in dry circumstances 
(Hydrogen and Fuel Cell Technologies Office, n.d.). Humidifiers frequently include a thin 
membrane made of the same material as the PEM. By flowing dry entering air on one side of 
the humidifier and wet exhaust air on the other, the water produced by the fuel cell may be 
recycled to keep the PEM hydrated. 
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3.4.6. Cooling methods for PEMFC 

A proton exchange membrane fuel cell generates heat when running and this heat must be 
efficiently cooled to not damage or decrease performance of the membrane according to 
Faghri and Guo (2005). There are numerous ways to cool down fuel cells but for fuel cells 
larger than 10 kW water/liquid cooling is the primary method of choice.  

3.4.6.1. Liquid cooling 

Li et al (2021) states that for larger stacks, liquid cooling is the preferred choice due their 
superior heat capacity compared to gas. However, this comes at the cost of an increased 
complexity of the system. Water is the most used fluid but other options including 
nanoparticles. Islam et al (2017) states that nanofluids is a fluid that has been mixed with 
nanoparticles, which can either be metallic or non-metallic.  

3.4.6.2. Phase change cooling 

Compared to liquid cooling, phase change cooling requires no circulation power to function. 
Though it is primarily used in high temperature fuel cells like SOEC, Li et al (2021) states 
that there may also be applications for low temperature fuel cells like PEMFC.  

3.4.7. Fuel Cell Design and Function 

A fuel cell is a device that uses an electrochemical process to generate energy from a fuel 
(Smithsonian Institute, 2017). In this way, it functions like a battery. The difference between 
a fuel cell and a battery is that a battery is a closed system with a finite quantity of fuel to 
convert, a fuel cell, on the other hand, is an open system that requires fuel to be continuously 
pumped in from an external source. 
 
A fuel cell, like a battery, employs an electrolyte and two electrodes, the anode and cathode, 
to chemically convert fuel into energy (Nice & Strickland, 2000). When a fuel comes into 
touch with the anode, the process begins. The anode contains a catalyst that oxidizes the fuel, 
separating it into positively and negatively charged ions and electrons. The positive ions 
travel through the electrolyte to the cathode after the split. The electrons are unable to flow 
through the electrolyte and must go to the cathode through a wire, resulting in DC current 
electricity that may be used to operate a device like as a motor. When the ions and electrons 
reach the cathode, they are reunited in a reduction process by a catalyst and an oxidant. As a 
result, a waste by-product is produced, which always contains some heat. Water is a waste 
by-product in hydrogen fuel cells (in which hydrogen is the fuel).  

3.4.8. Existing Projects 

As the fuel cell technology is still new compared to other sources of backup power, existing 
projects are very limited compared to the likes of diesel generators. However, there still exists 
some smaller systems. A small 400/440-Watt system was built in 2001 and could function as 
a UPS (Epry, 2001). The system could, in case of an outage, supply power through fuel cells. 
A solenoid was used to supply fuel flow to the fuel cells when necessary.  
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Figure 5 Schematic of existing UPS using fuel cells , courtesy of Eprisolutions (2001). 

 
There are also several commercially available solutions, one of them being Gencell and their 
G5 system (Gencell, 2021). The product uses a proton exchange membrane fuel cell (PEMFC) 
and can supply a continuous power output of 5 kW with up to 100 kW peak load. It is stated 
that the system consumes about 70 grams of pure hydrogen per kWh produced. Most 
available solutions have a much lower power output than what is required for data centers, 
the results and conclusions provided in the current studies could therefore not be directly 
translated to this work.  
 

3.4.9. Degradation and Lifetime 

As chemical reactions occur in the fuel cells, it is prone to deteriorating in performance as 
time passes. After a certain percentage loss, it might therefor be needed to replace the 
system. Nedstack claim that their offered products have a lifetime of at least 20 000 hours 
before needing a replacement. There is no widespread definition of a when a fuel cells 
performance has decreased to the point where it needs to be replaced, but a 20% decrease in 
current density and cell voltage can be viewed as a good breaking point (Östling, 2021). The 
load profile of the system also affects how fast the system performance decrease. For a case 
study conducted in Östlings degree project, a marine system operated for the same number of 
hours a day but with different load scenarios. The decreasing performance can be observed in 
the form of polarization curves. Figure 6 and 7 shows polarization curves for the two cases, 
which clearly shows how the expected life decreases from 6 to 4 years by changing the load 
cycle for the system. As stated by Nedstack (2021), their PEM fuel cells are manufactured to 
last for over 24 000 hours and systems lasting for more than 15 years.  
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Figure 6 Performance curve for constant load PEMFC (Östling, 2021) 

 

 
Figure 7 Performance curve for start stop load of PEMFC (Östling, 2021) 

3.4.10. PEMFC UPS Maintenance 

There are very few large-scale systems and therefor the intervals for maintenance and service 
might differ for different systems. Gencell (2021) states that the recommended service 
interval is about 500 hours of runtime or annually if the system run for less than 500 hours a 
year.  
 

3.5. Hydrogen 

According to Irena (2019) about 95% of all hydrogen is produced from natural gas and coal, 
whom both are fossil fuels. This primarily results in emission in the form of carbon dioxide 
(CO2) which is not desirable. The alternative is green hydrogen, which is the name for 
hydrogen produced through electrolysis using renewable energy. Electrolysis can be 
described as a way of separating hydrogen from water using electricity. This can be done in a 
numerous number of ways, but there are two commercially available technologies used today, 
Alkaline electrolysis and proton exchange membrane. Beside on-site production it is also 
possible to buy hydrogen and fill up the tanks directly.  
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Hydrogen must be isolated from the other components in the molecule where it exists to be 
produced as stated by the U.S Energy Information Administration (2022). Hydrogen may be 
obtained from a variety of sources and produced in a variety of methods to be used as a fuel. 
Steam-methane reforming and electrolysis (splitting water with electricity) are the two most 
popular processes for creating hydrogen. Other hydrogen synthesis technologies or processes 
are being investigated by researchers. 
 

3.5.1. Types of hydrogen 

Depending on the fuel and method of reforming, hydrogen is commonly divided into 
different parts (Schneider, n.d.). The three main types of hydrogen are grey, blue and green 
hydrogen. Grey hydrogen is produced by reforming coal or natural gas where excessive 
carbon dioxide is emitted to the environment. Blue hydrogen is also produced by reforming 
natural gas, but the carbon dioxide is stored and do not cause any emissions in the short 
time. Green hydrogen is produced using no fossil fuels thus its name, essentially using 
renewable energy to split hydrogen and oxygen.  
 
As stated by IEA (2019), about 76% of all hydrogen is produced from natural gas and 23% 
from coal. Thus, only a small part of the current hydrogen production comes from electrolysis 
production.  

3.5.2. Hydrogen storage 

The hydrogen produced through electrolysis need to be stored before it can be used in the 
PEMFC. There are primarily two different ways of storing hydrogen, either as liquid or in the 
gas. Four kilograms of hydrogen, at room temperature, obtain a volume of 45 𝑚3 according to 
Schlapbach and Z�̈�ttel (2001). This is equivalent to a density of 11,25 kg/𝑚3 or 0,01125 kg/l.  
Compared to diesel which have a density of 0,85 kg/l as mentioned by Aitani (2004), this is 
significantly lower. To compensate for this, the hydrogen is pressurized. Hydrogen stored as 
gas usually maintain a pressure 350-700 bar according to the hydrogen and fuel cell 
technology office (2020). To be able to store hydrogen as liquid, the temperature must be 
kept below -252,87℃.  
 
To store compressed hydrogen, specially designed tanks must be able to withstand the 
storage pressures, which can range from 17 MPa to 70 MPa according to Buschow, K (2001). 
Steel is usually used for these tanks. If weight is a concern, tanks made of carbon fibre lined 
with aluminium, steel, or certain polymers may be used. In compressed form, hydrogen has a 
density of 23 kg/m3 at 35.0 MPa and 38 kg/m3 at 70.0 MPa. Because compressed hydrogen 
has a lower density than liquid hydrogen, the largest challenge is the volume of the storage 
tank. Most compressed storage takes place above ground. However, subterranean storage is a 
viable option, particularly for fuelling stations, because it reduces the amount of land 
required. Because the storage tanks are segregated, this decreases the risk of accidents, but 
also increases the difficulty of inspection and maintenance. In the United States, there are 
roughly 600 small-scale compressed hydrogen storage installations (EIA, no date). Storage 
pressures range from 1 MPa to 30 MPa, while storage capacities range from 100 kg to 1,300 
kg. The storage capabilities of hydrogen fuelling stations in the United States range from 10 
kg to 150 kg, with storage pressures ranging from 1 MPa to 54 MPa (Fuel Cells 2000 (2011)). 
Hydrogen compression is an energy-intensive procedure that raises the overall cost. 
Estimates for compression to 70 MPa are around 6.0 kWh/kg, resulting in a high CO2/kg of 
hydrogen stored (roughly 1.3 kg of CO2/kg of hydrogen) (Di Profio et al., 2009). 
Compression, on the other hand, uses only a third of the energy that liquefaction does. The 
cost of compressed storage tanks must be considered in addition to the cost of compressing 
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hydrogen. Tank life is reduced by cyclic loading, as tanks tend to heat up when they are filled 
with compressed hydrogen.  

3.5.3. Alkaline Water Electrolysis 

Alkaline water electrolysis (AEL) is the oldest commercially available electrolyzer-technology 
that is still used today, as stated in the report The future of Hydrogen (International Energy 
Agency, 2019). Hydroxide ions are oxidized to water and oxygen and released electrons on 
the anode. 

2𝑂𝐻−  → 0,5 02 + 𝐻2𝑂 + 2𝑒− 
On the cathode side of the AEL water react with water which reduces to negative hydroxide 
ions and hydrogen: 

2𝐻2𝑂 + 2𝑒−  →  𝐻2 + 2𝐻𝑂− 

 
Figure 8 System flow schematics of Alkaline Water Electrolysis (AWL) (Brauns,Turek, 2020) 

 
Electrolyte is pumped through the electrolysis stack in which gases are formed. After mixing, 
the mixture passes through two gas separators where the moist content of the mixture is 
reduced, and the mix is purified. The electrolyte is then circulated back to the stack. 

3.5.4. Polymer Electrolyte Membrane Electrolysis 

A polymer electrolyte membrane electrolyzes consist of a cathode, anode and a polymer 
separating the two according to the Hydrogen and fuel cell technologies office (2020). At the 
anode side the water reacts and splits into oxygen, positively charged hydrogen ions and 
electrons according to the following reaction:   

𝐻20 →  𝑂2 + 4𝐻+ + 4𝑒− 
The electrons created on the anode side of the electrolyze react with hydrogen ions on the 
cathode side of the electrolyze to produce hydrogen in the following chemical reaction: 

4𝐻+ + 4𝑒−  → 2𝐻2 
The efficiency of the electrolyze is of high interest, as this can significantly impact the 
economical calculations. As stated by (IEA, 2019), the efficiency is very much affected by the 
load. As the primary function of the fuel cells for data centers is to run during outages, this 
imposes difficulties when making calculations for an approximate efficiency of the 
electrolyze. Therefor a simplified approach has been used for the calculation part of this 
degree project. It is assumed that the efficiency remains constant even though the load may 
be varied.  
 
According to IEA (2020), PEM-electrolyzes existing today can achieve an efficiency in the 
range of 56-60% with long term hopes of 67-74%. Another way of measuring the efficiency is 
to compare the physical space needed to produce a certain amount of power. IEA states that 
Proton exchange membrane have a plant footprint of 0,048 𝑚2/kW compared to alkaline 
electrolyzers who have an equivalent value of 0,095.   
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3.5.5. Solid Oxide Electrolysis Cells 

An electrolysis cell utilizes electricity to break molecules such as water (H2O) into hydrogen 
(H2) and oxygen (O2). Electrical energy is therefore converted into chemically bonded energy 
in the hydrogen molecules in this manner. Which is the opposite of a fuel cell. 
 
A Solid Oxide Electrolysis Cell (SOEC) is essentially a Solid Oxide Fuel Cell (SOFC) ran in the 
opposite direction (Lund Frandsen, 2019). The efficiency of such a cell is high since it runs at 
high temperatures (700-1000 °C). The two electrolysis products, hydrogen and oxygen, are 
produced on either side of the cell. SOECs might be used to produce hydrogen from surplus 
power generated by wind turbines, for example. When the demand for power arises, the 
hydrogen may be stored and turned into electricity using a fuel cell. When output widely 
utilized, this permits power to be stored. 
 
Tao (2007) states that carbon monoxide (CO) can also be electrolyzed by an SOEC (CO). 
When water and electricity are electrolyzed at the same time (co-electrolysis), a combination 
of hydrogen and CO is formed. This combination, known as syngas, is the starting point for a 
vast variety of hydrocarbon syntheses in the chemical industry. Synthetic liquid transport 
fuels can be manufactured in this manner. The usage of the fuel is CO2 neutral if the power is 
generated by wind turbines or solar cells. 

3.5.6. H2 Market 

Hydrogen may be produced from fossil fuels and biomass, as well as water and a combination 
of the two (IEA, 2019). Natural gas is now the most common source of hydrogen generation, 
accounting for roughly three-quarters of the total dedicated hydrogen production of over 70 
million tons per year. This accounts for around 6% of worldwide natural gas consumption. 
Due to its dominance in China, gas is followed by coal, with oil and electricity accounting for 
a modest portion of total production. A variety of technical and economic factors impact the 
cost of making hydrogen from natural gas, with gas pricing and capital expenditures being 
the two most critical. Fuel expenditures are the most expensive component of manufacturing, 
accounting for 45 percent to 75 percent of total costs. As stated by Meza (2022), green 
hydrogens cost can be estimated in the range of 4,84-6,68 USD/Kg.  

3.6. Carbon trading systems 

The EU has had an emissions trading mechanism in place since 2005 (EU Commission, 
2021). The goal is to minimize greenhouse gas emissions by making businesses pay for the 
emissions they produce, to encourage them to produce more sustainably and reduce carbon 
dioxide emissions. 
 
According to Kumar (2015) the premise behind emission rights is that the EU sets a limit on 
the amount of carbon dioxide that may be released, and corporations acquire those rights. 
The EU Emissions Trading Scheme encompasses all 28 EU member states, as well as 
Norway, Iceland, and Liechtenstein. Companies in certain industries are covered in these 
nations. Heavy industries, such as iron and steel, combustion activities, cogeneration and 
district heating, paper mills, and the mining industry, are among the sectors covered by the 
system, although aviation players are also involved to some extent. 
 
A tone of carbon dioxide is equal to one emission right, and enterprises subject to the scheme 
must hold at least as many rights as their yearly emissions as stated by KlimatKompensera.se 
(2021). Companies with more emission rights than their emissions match to potentially sell 
those rights to other businesses. The desired consequence is that corporations with big 
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carbon dioxide emissions must pay more than companies with smaller carbon dioxide 
emissions, and that a company that decreases its carbon dioxide emissions also saves money. 

4. CURRENT STUDY 

For the case study conducted, an already existing UPS and backup power generator system 
was firstly analysed. The system consists of a 2 MW diesel generator (CATL 3516C) that is 
assumed to run continuously for 24 hours once every month as part of ensuring its 
functionality. This equals twelve starts throughout a year and a total runtime of 288 hours. 
As the data center is assumed to be of tier 4 and therefor have little to no downtime, it is 
assumed that the UPS will handle all short outages. Thus, the backup power system will only 
run to ensure full functionality. Both fuel consumption and emissions are specified in the 
datasheet (appendix 1), where the generator is assumed to be running at full load all the time. 
An exchange rate of 10,05 SEK/USD is also assumed. For the diesel generator no information 
on new machines were available, however some used machines were available for sale in the 
range of 465 000 USD. An assumption has been made that a new generator would cost 
approximately 20% more. 

4.1. Diesel generator 

As the diesel generator is assumed to always run at full load, a fuel consumption of 521.8 
Litres/Hours, which is stated in the diesel generator data sheet, is used for calculation 
purposes.  

 
Figure 9 Fuel consumption as a function of load for a given diesel generator Fuel Cells (See appendix 1 for full 
data) 

 
The cost for PEM fuel cell varies largely depending on the manufacturer and size of the 
system, which can be seen in the report Manufacturing Cost Analysis of 100- and 250-kW 
Fuel Cell Systems for Primary Power and Combined Heat and Power Applications (U.S. 
Department of Energy, 2017). In the report the cost for 250 kW system ranges from 2521- 
1704 USD depending on manufacturing volume. For the given case study, a system cost of 
1500 USD/kW has been used as it is assumed that costs have decreased since the release of 
the report. For a 2 MW system and a USD to SEK exchange rate of 10,05 SEK/USD the total 
system cost can be estimated to 30,15 MSEK. For the fuel consumption of the system, it is 
assumed that the system has a consumption of 70 grams per kWh, which is the same as the 
Gencell G7. For the given system, this would result in a yearly fuel consumption of 40 320 Kg 
Hydrogen. As stated in chapter 2.4.9, the degradation of the system is highly impacted by the 
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load cycling and as there are no available studies with very low runtime no system 
degradation, the system degradation during the lifetime of the fuel cells has been neglected.  

4.2. Key Performance Indicators (KPI) 

4.2.1. Capital Cost 

The capital cost is defined as the initial cost of investment to buy the complete backup power 
system. This is limited to only the upfront cost and do not take into consideration any 
maintenance cost or taxes. The lifetime of both systems is limited and must therefore be 
replaced after a certain number of years. Thus, the capital cost would increase as some 
system components must be replaced.  

4.2.2. Operating and Maintenance Cost 

The cost of operation and maintenance consist of the fuel cost, which is dependent on the 
amount of runtime, as well as a cost of maintenance. The cost of maintenance is highly 
dependent on the runtime too, as both manufacturers have recommended service intervals of 
either a certain number of years or after a certain number of hours ran. Therefor only the 
operating cost, which is the fuel cost, is included in these calculations.  

4.2.3. Payback time  

The payback time is defined as the time when the total cost for the PEMFC-system becomes 
lower than that of the diesel system.   
 

4.2.4. Net Present Value 

The net present value can be viewed to determine the value of future cashflow compared to 
current valuation. The formula considers the discounted rate for future cashflows. The 
formula can be presented as the following: 

𝑁𝑃𝑉 = ∑
𝐶

(1+𝑟)𝑖
𝑛
𝑖=1 = 𝐶0 +

𝐶1

(1+𝑟)1 +
𝐶2

(1+𝑟)2 … 

Where: 
C= The cashflow for each year. For the first year, this will be the difference in investment cost 
between the diesel and fuel cell system. As the fuel cell system is more expensive, the first 
term will be negative. All the terms will be the savings in fuel cost and carbon tax for the fuel 
cell system compared to the diesel system.  
r=The interest rate used for calculation purposes. In this case an interest rate of 10% has 
been assumed, which is reasonable for a company. 
 
It is assumed that the system needs to be completely replaced after its expected lifetime and 
therefor the scrap value or residual value is assumed to be zero. No degradation of the system 
performance has been included in the calculations. As can be seen from the formula, for the 
NPV to be positive, the investment must be recouped before the end of the expected lifetime. 
A positive net present value (NPV) indicates that the total of future cash flows is larger than 
the cash outlay. This indicates that the proposal is financially benefited. The total of the 
present value of future cash flows is less than the current outlay, resulting in a negative NPV. 
This means the project is unprofitable from an economical perspective due to never earning 
back the investment.  
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4.3. Data Collection 

For both the conventional system using and the proposed system using hydrogen fuel cells, 
an economic analysis should be considered. For the diesel generators, there are multiple 
aspects to consider. There is the initial cost of investment to buy the generator and its 
proprietary equipment including generators but also a variable cost for the consumed fuel 
and cost associated to the carbon emissions. For the fuel cell system, the only costs 
considered are the fuel costs and initial investment cost.  

4.3.1. Diesel production cost 

For the diesel generator, a product sheet with a stated fuel consumption can be found in 
appendix. For diesel of type 2, a price of 5,12 USD/Gallon has been assumed. One gallon 
equals 3,785 litres, thus the price in litres is 1,353 USD. As the US has different taxes for 
diesel compared to Sweden, the US price has been subtracted with the exercise and storage 
tax to obtain the production price for diesel of type two. Subsequently 25% VAT is added to 
this price. Taxes for energy at 1,06 SEK and carbon tax of 2,29 SEK are added to the price as 
well as VAT at 25% for the sum of these taxes. The total cost per litre can then by calculated 
to 20,37 SEK/Litre.  

4.3.2. Fuel cell operating cost 

For the fuel cells, green hydrogen produced from renewable energy sources is assumed to be 
used. As previously described, the cost for green hydrogen ranges from 4,84 – 6,68 USD/Kg 
and therefor an estimated price of 5 USD/Kg has been used for calculation purposes.  

4.3.3. Carbon Tax 

In most countries there is also a tax to be paid when emitting carbon dioxide, which only 
applies for the diesel generator in this case. According to Ecoscore (2022) one litre of diesel 
contains about 720 grams of carbon and another 1920 grams of oxygen to combust the 
carbon. The total CO2 per litre of diesel is then 2640 grams or 2,64 Kg. The total CO2 emitted 
during a year can then be calculated as the total litres of diesel consumed times the carbon 
dioxide content per litre. There exists a carbon tax that differs between countries but in 
Sweden a fee of 120 Euro per ton of carbon dioxide must be paid (Ministry of finance, 2022). 
Given the 
 
 

4.4. Scenarios 

To showcase how different parameters affect the key performance indicators (KPI), the 
runtime, FC price, hydrogen price, carbon price, diesel price and lifetime will be varied to 
visualize the importance of each parameter.  

4.4.1. Runtime  

As the base scenario with a runtime of 288 hours is relatively low, only increases in runtime 
are being considered for the sensitivity analysis. Increases of 20 and 40% were used for 
calculations which resulted in runtimes of 346 and 403 hours for sensitivity analysis.  
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Table 1 Runtime scenarios for sensitivity analysis 

Case Runtime [Hours] 

Base 288 

20% Increase 346 

40% Increase 403 

 

4.4.2. Fuel Cell Price 

For the FC system price, both an increase and decrease of 20% respectively were used for 
calculation purposes. This assumption was made to consider both a shorter-term price rise as 
well as the expected long term decrease in investment price for fuel cells.  
 
Table 2 Different investment cost for fuel cell system for sensitivity analysis 

Case Cost [MSEK] 

Base 30,15 

20% Increase 36,18 

20% Decrease 24,12 

 

4.4.3. Hydrogen Price 

Only scenarios of decreasing hydrogen prices were considered for the hydrogen sensitivity as 
current literature and reports suggest this development to be most likely. The base case of 5 
USD/Kg decreases to 4 USD/Kg with a 20% decrease and to 3 USD/Kg for a 40% decrease. 
 
Table 3 Hydrogen price scenarios for sensitivity analysis 

Case Cost [SEK/Kg] 

Base 50,25 

20% Decrease 40,20 

40% Decrease 30,15 

 

4.4.4. Carbon Price 

As fossil fuels are being replaced by renewable sources, only increases to the carbon price 
were considered. For the base case the carbon tax is 2,29 SEK/Litre which increases to 2,75 
and 3,21 SEK/Litre with 20 and 40% increases.  
 
Table 4 Different carbon price scenarios for sensitivity analysis 

Case Cost [SEK/Litre] 

Base 20,37 
20% Increase 20,94 

40% Increase 21,52 
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4.4.5. Diesel Price 

Following the same trend as with the carbon tax, only increases in diesel price are 
considered. The increase is assumed to be purely for the production price, which increases 
from the base case of 12,95 SEK/Litre to 15,54 and 18,13 SEK/Litre for an increase of 20 and 
40%. As previously discussed, the total cost per litre also consists of taxes and thus a 20% 
change in production cost will not equal a 20% increase in the total price.  
 
Table 5 Different diesel price scenarios for sensitivity analysis 

Case Cost [SEK/Litre] 

Base 20,37 

20% Increase 23,61 

40% Increase 26,84 

 

4.4.6. Lifetime 

As most manufacturers states a 15-year lifetime guaranty, this is the expected lifetime 
considered for this report. As most fuel cells have a longer yearly runtime than the proposed 
288 hours/year, scenarios an increased lifetime of two and four years were also considered.  
 
Table 6 Different fuel cell lifetime for sensitivity analysis 

Case Lifetime [Years] 

Base 15 

2 Year Increase 17 

4 Year Increase 19 
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5 RESULTS 

Using assumptions specified in the previous chapter, the following results could be obtained.  

5.1. System costs and emissions 

The initial investment cost for the two systems differs substantially. The diesel generator has 
an estimated cost of 5,61 MSEK while the fuel cell system costs 30,15 MSEK. However, the 
opposite relationship can be found for the variable costs. The diesel system does not only 
have a higher fuel cost than the fuel cells but must also pay a carbon tax which is based on the 
fuel consumed. The payback time of 17 years can be observed in figure 11 which shows the 
cash flow for the fuel cell system compared to the diesel system. With a 15 years as expected 
lifetime, the net present value (NPV) could be calculated to -1 701 937 SEK.  

 
Figure 10 Investment Costs for diesel and fuel cell systems 

 

 
Figure 11 Estimated cash flow for fuel cell system 

 
As the fuel cell is assumed to only emit water, only the diesel generator emits carbon dioxide 
(𝐶𝑂2). With the assumptions stated in the previous chapter, the yearly emissions could be 
calculated to 397 Ton 𝐶𝑂2.  
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Figure 12 CO2-emissions for the diesel generator during the lifetime 

5.2. Sensitivity analysis 

Many different parameters affect the economic feasibility of the project, these include the 
runtime of the system, carbon price, hydrogen price, fuel cell price, expected lifetime as well 
as the diesel price. By varying these parameters, a better understanding of their respective 
importance for the total economic review can be made.  
 

5.2.1. Runtime 

By increasing the runtime from the base scenario of 288 to 346 and 403 hours the payback 
time decreases to 14 and 12 years as seen in figure 13. The same trend can be observed for the 
NPV, which becomes positive for both scenarios of increased runtimes. The increased 
runtime will also result in larger amount of fuel used for both systems and therefor also more 
CO2 emitted by the diesel generator.  

 
Figure 13 Sensitivity analysis for different runtime scenarios 
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Table 1 NPV for Sensitivity analysis for BPS with different runtime 

Case NPV 

Base -1 701 937 SEK 

20% 2 419 876 SEK 

40% 6 541 688 SEK 

 

 
Table 2 Payback time for Sensitivity analysis for BPS with different runtime 

Case Payback Time [Years] 

Base 17 

20% Increase 14 

40% Increase 12 

 
 

 
Figure 14 CO2 Emissions for different runtimes 

5.2.2. Fuel Cell Price 

While the variable costs for the FC system is lower than for the diesel BPS, the investment 
cost is more expensive. A decrease in the initial investment cost will therefor yield a shorter 
payback time and an improved NPV. An increased investment cost for the fuel cell system 
will result in the opposite, a longer payback time and a worse NPV.  
 
Table 3 NPV for sensitivity analysis 

Case NPV 

Base -1 701 937 SEK 

20 -7 183 755 SEK 

-20 3 779 881 SEK 

 
 
 
 
 

0

100

200

300

400

500

600

C
O

2-
Em

it
te

d
 [

To
n

]

CO2-emissions of diesel generator for varied runtime

Base Case 20% Increased Runtime 40% Increased Runtime



23 

 
Table 4 Payback time for sensitivity analysis 

Case Payback Time [Years] 

Base 17 

-20% Decrease 13 

20% Increase 21 

 

 
Figure  15 Sensitivity analysis for fuel cell investment price 

 

5.2.3. Hydrogen Price 

A decrease in hydrogen price will only affect the variable costs for the FC system, which will 
also decrease. As can be observed in the graph and tables below, both a 20 and a 40% 
decrease in hydrogen price will decrease the payback time and result in a positive NPV.  
 

 
Figure  16 Sensitivity analysis for Hydrogen Price 
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Table 5 Payback time Sensitivity analysis for different hydrogen prices 

Case Payback Time [Years] 

Base 17 

Hydrogen -20% 13 

Hydrogen -40% 11 

 
Table 6 NPV Sensitivity analysis for different hydrogen prices 

Case NPV 

Base -1 701 937 SEK 

-20 3 823 736 SEK  

-40 9 349 409 SEK  
 

5.2.4. Carbon Price 

A part of the total fuel cost for the diesel generators is the carbon tax, which for the base case 
equals 2,19 SEK/Litre. As this tax only is applicable to the diesel fuel, a rising carbon price 
will increase the savings made from switching to a FC system. This can also be seen in the 
graph and tables below where the payback time decreases and the NPV improves as the 
carbon price increases.  
 

 
Figure 17Sensitivity analysis for Carbon Tax 

 
 
Table 7 NPV Total costs for BPS with sensitivity analysis for carbon tax 

Case NPV 

Base -1 701 937 SEK 

+20% Carbon Tax -403 531 SEK 

+40% Carbon Tax Increase 8 630 165 SEK 
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5.2.5. Diesel Price 

Increases to the diesel price will make the variable costs for the diesel system larger which 
will decrease the payback when replacing the system with fuel cells. The NPV will also 
improve as the diesel price increases.  

 
Figure 18 Sensitivity analysis for varied diesel price 

 
Table 8 NPV for Sensitivity analysis for FC system with various diesel prices 

Case NPV 

Base -1 701 937 SEK 

+20% Diesel price Increase 4 930 887 SEK  
+40% Diesel price Increase 11 563 728 SEK 
  

 
Table 9 Payback time for Sensitivity analysis for FC system with various diesel prices 

Case Payback Time [Years] 

Base 17 

Diesel +20% 13 

Diesel +40% 10 

 

5.2.6. Lifetime Analysis 

An expected lifetime of 15 years is assumed for the FC system whereas the diesel system is 
assumed to function for a longer period. Therefore, increases of two and four years to the FC 
lifetime are considered for the sensitivity analysis. The payback time is still 17 years, meaning 
that a shorter lifetime than that will result in a net loss and a longer lifetime than that will 
yield a net profit. The NPV for an expected lifetime of 17 and 19 years will both be positive.  
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Figure 19 Sensitivity analysis for varied fuel cell lifetime 

 
Table 10 Lifetime analysis 

Lifetime NPV 

15 -1 701 937 SEK 

17 1 045 938 SEK 

19 3 793 813 SEK 
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6 DISCUSSION 

As the amount of commercially available large fuel cell systems today are limited, so is the 
data regarding the prices and durability of the PEMFC UPS solutions. As more projects are 
finalized the foundation for accurate economic analysis increases. The runtime of the system 
also has a big impact on the economic analysis. As the fuel cost is significantly smaller for the 
fuel cells, an increase in runtime will decrease payback time. If the electricity prices continue 
to increase, the PEMFC system could also be utilized during peak hours as the price would be 
lower than buying electricity from the grid. That option is not possible for the diesel 
generator due to its considerably higher fuel cost. 
 
As can be observed in the sensitivity analysis, varying different parameters affecting the two 
BPS can have a big impact on the key performance indicators. Whilst the operating costs for 
the fuel cell system are smaller, the large initial investment cost still make it hard to justify a 
purchase of a FC system due to the negative profit during the expected lifetime. Even though 
there is big carbon dioxide saving made, the decision must also be economically viable.  
 
For the specific case in this study, a very simplified load pattern is used. As stated in the 
chapter about cell degradation, systems with lower operating frequency have a slower 
degradation than systems that are frequently switched on and off. Therefor the load profile 
adapted in this study, with a very low operating frequency and long continuous operation 
whilst running, should be beneficial for the fuel cell longevity. Most producers state their 
durability in the number of hours that the cells can run for but as the applications in this 
study has very little runtime per year it is much harder to predict the lifetime.  
 
Due to the assumption that the system will only run-on scheduled times, the start-up time for 
the fuel cell system is not of interest in this case. For applications where a fast start time is 
needed the PEMFC is still a good choice as it can operate at load full load within a few 
minutes as stated in chapter 3. Therefor a smaller UPS can be used which decreases the total 
investment cost.  
 
Another important factor is the runtime for the system as the runtime affect the fuel 
consumptions for both the diesel and fuel cell system. An increased runtime will result in an 
increased fuel cost and carbon tax for the diesel system whilst only the fuel cost will increase 
for the fuel cell system. Therefor could a changed load pattern with an increased runtime 
shorten the payback time and improve the NPV. This change could however decrease the 
expected lifetime of the FC system, thus these parameters need to be further evaluated. A 
sensitivity analysis could also have been carried out to simulate scenarios where multiple 
variables were changed simultaneously. As some of the parameters are related, like the diesel 
price and carbon price, it seems likely that they will have a similar price development. At the 
same time many of the parameters related to the fuel cell systems, like the investment price 
and hydrogen price, most probably will continue to decrease. Both scenarios would be 
economically beneficial for a future investment in a FC system for a backup power system. 
Thus, it seems likely given the current circumstances, a future investment in fuel cells might 
be an economically attractive investment.  
 
As the calculations are purely theoretical, the results are bound to differ from real data. Using 
real data from an actual fuel cell of correct size would have been more realistic but due to the 
absence of such data, conceptual calculations were used instead. Therefor the results may be 
seen as an indication of the current technoeconomic state of fuel cells for backup power 
purposes, rather than an actual truth.  
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7 CONCLUSIONS 

Data centers use power from the electricity grid but must also ensure full functionality during 
outages and therefore also have an uninterruptable power system together with a backup 
power generation system. The most common solution today is the adoption of a diesel 
generator. A PEMFC system could function in the same way with a short start-up time while 
also reducing emissions.  
 
Because fuel cell systems are still in their early stages of development, determining whether it 
is worthwhile to transition from a diesel generator to a fuel cell system is difficult and are 
dependent on numerous factors. Both investment cost and future fuel prices have a big 
impact on the payback time and even small changes may reduce or increase the time it takes 
to reach breakeven. Beside the economic incentive, there is also an environmental aspect to 
regard. According to the studied data, diesel generators release around 397 tons of CO2 per 
year, which can be saved by switching to fuel cells. 
 
PEMFC as a backup power system is still in its early stages and therefor many factors are 
uncertain. Very few studies have been done on the lifetime and the system may last longer 
than the expected 15 years which would make the economic investment more attractive. As 
discussed in the sensitivity analysis, changing the runtime could also be economically 
attractive. As fossil fuels like diesel are being replaced by renewable sources, it may be 
reasonable to assume that the costs for fuel and carbon taxes for the diesel system might rise 
while hydrogen price continue to decrease.  
 

8 SUGGESTIONS FOR FURTHER WORK 

Similar systems to the UPS discussed in this dissertation could also be utilized for any other 
application in need of a clean energy source as backup power. Systems located in cities with 
high level of pollution can benefit largely from a hydrogen fuel cell system. As the largest 
concern regarding pure hydrogen is the initial investment cost, a further economic analysis of 
how future technology advancements can decrease the initial cost can be carried out.   
 
In the future, further studies can study if it is more cost effective to manufacture hydrogen at 
on site rather than acquire it already produced. This could be done to lower the cost and 
maybe shorten the payback time. The company should also obtain a less volatile cost that do 
not fluctuate during the year. 
 
One may also consider the opportunity to utilize the fuel cells to produce electricity during 
times of high electricity prizes. This could further shorten the payback time while also 
providing increased flexibility for the data center while also reducing the load on the 
electricity grid and UPS.  
 
This work only utilized data from high-class tier data centers in this degree project, further 
work could be to investigate alternative data centers with higher downtime, which could 
potentially lower the repayment period. 
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APPENDIX 1: DIESEL GENERATOR DATASHEET 
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Generator Set Specifications  

Minimum Rating 2500 kVA 

Maximum Rating 2750 kVA 

Voltage 220 to 13800 volts 

Frequency 50 Hz 

Speed 1500 RPM 

Generator Set Configurations  

Emissions/Fuel Strategy U.S. EPA Certified for Stationary Emergency Use Only (Tier  

2 Nonroad Equivalent Emission Standards), Low Fuel  

Consumption 

Engine Specifications  

Engine Model 3516C, ATAAC, V-16,4-Stroke Water-Cooled Diesel 

Bore 170 mm 6.69 in 

Stroke (Std) 190 mm 7.48 in 

Stroke (HD) 215 mm 8.46 in 

Compression Ratio 14.7:1 

Aspiration TA 

Governor Type Adem™3 

Fuel System Electronic unit injection 
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3516 C Generator Set 

Electric Power 

BENEFITS AND FEATURES 

Cat Diesel Engine 
Reliable, rugged, durable design 
Field-proven in thousands of applications worldwide 
Four-stroke-cycle diesel engine combines consistent performance and excellent fuel economy with 
minimum weight 
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Generator 
Matched to the performance and output characteristics of Cat engines 
Industry leading mechanical and electrical design 
Industry leading motor starting 
capabilities High Efficiency 

Cat EMCP Control Panel 
The EMCP controller features the reliability and durability you have come to expect from your Cat 
equipment. EMCP4 is a scalable control platform designed to ensure reliable generator set operation, 
providing extensive information about power output and engine operation. EMCP4 systems can be 
further customized to meet your needs through programming and expansion modules. 

Seismic Certification 
Seismic Certification available.  
Anchoring details are site specific, and are dependent on many factors such as generator set size, 
weight, and concrete strength.  
IBC Certification requires that the anchoring system used is reviewed and approved by a Professional 
Engineer 
Seismic Certification per Applicable Building Codes: IBC 2000, IBC 2003, IBC 2006, IBC 2009, CBC 
2007, CBC 2010 
Pre-approved by OSHPD and carries an OSP-0321-10 for use in healthcare projects in California 

Design Criteria 
The generator set accepts 100% rated load in one step per NFPA 110 and meets ISO 8528-5 transient 
response. 

UL 2200 / CSA - Optional 
UL 2200 listed packages 
CSA Certified 
Certain restrictions may apply. 
Consult with your Cat® Dealer. 

Single-Source Supplier 
Fully prototype tested with certified torsional vibration analysis available 

World Wide Product Support 
Cat Dealers provide extensive post sale support including maintenance and repair agreements. Cat 
dealers have over 1,800 dealer branch stores operating in 200 countries. The Cat® SOSSM program 
cost effectively detects internal engine component condition, even the presence of unwanted fluids and 
combustion by-products. 

STANDARD EQUIPMENT 

Air Inlet 
• Air CleanerCooling 
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3516 C Generator Set 

Electric Power 

• Package mounted 

radiatorExhaust 

• Exhaust flange 

outletFuel 

• Primary fuel filter with 
integral water separator 

• Secondary fuel filter SS 
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Page: M-2 of M-4 

• Fuel priming 

pumpGenerator 

• Matched to the 
performance and output characteristics 
of Cat engines 

• IP23 ProtectionPower 

Termination 

• Bus BarControl Panel 

• EMCP 4 Genset 

ControllerGeneral 

• Paint - Caterpillar 
Yellow except rails and radiators gloss 
black 

OPTIONAL EQUIPMENT 

Exhaust 
• Exhaust mufflers Generator 

• Anti-condensation heater 
• Excitation: [ ] Permanent Magnet Excited (PM) [ ] Internally Excited (IE) 
• Oversize and premium generatorsPower Termination 

• Circuit breakers, UL listed 
• Circuit breakers, IEC compliantControl Panels 

• EMCP (4.2) (4.3) (4.4) 
• Generator temperature monitoring & protection 
• Load share module 
• Digital I/O module 
• Remote monitoring software 

Mounting 
• Rubber anti-vibration mounts 
• Spring-type vibration isolator 
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3516 C Generator Set 

Electric Power 

• IBC isolators 
Starting/Charging 
• Battery chargers 
• Oversize batteries 
• Jacket water heater 
• Heavy-duty starting system 
• Charging alternator 
• Air starting motor with control and silencer 

SS Page 3 of 7 
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General 
• The following options are based on regional and product configuration: 
• Seismic Certification per applicable building codes: IBC 2000, IBC 2003, IBC 2006, IBC 2009, CBC 

2007 
• UL 2200 package 
• EU Certificate of Conformance (CE) 
• CSA Certification 
• EEC Declaration of Conformity 
• Enclosures: sound attenuated, weather protective 
• Automatic transfer switches (ATS) 
• Integral & sub-base fuel tanks 
• Integral & sub-base UL listed dual wall fuel tanks 

The International System of Units (SI) is used in this publication. CAT, CATERPILLAR, their 

respective logos, ADEM, EUI, S•O•S, "Caterpillar Yellow" and the "Power Edge" trade dress, as well as 

corporate and product identity used herein, are trademarks of Caterpillar and may not be used without 

permission. 



 

SS-10024463-1000028969-001 

MSS-EPG-1000028969-007.pdf © 2017 Caterpillar All Rights Reserved 

3516 C Generator Set 

Electric Power 

SS Page 4 of 7 
Page: M-4 of M-4 



Rating Type: PRIME Fuel Strategy: LOW FUEL CONSUMPTION 

SS-10024463-1000028969-001 
TSS-DM8445-01-GS-EPG-10024463.pdf © 2016 Caterpillar All Rights Reserved 

ELECTRIC POWER - Technical Spec Sheet 

2000  ekW/ 2500 kVA/ 50 Hz/ 1500 rpm/ 11000 V/ 0.8 Power Factor 

STANDARD 

3516 C 

3516C 

2000 ekW/ 2500 kVA 

50 Hz/ 1500 rpm/ 11000 V 

Image shown may not reflect actual configuration 

 Metric English 

 

Fuel Consumption   

100% Load with Fan 521.8 L/hr 137.8 gal/hr 

75% Load with Fan 397.7 L/hr 105.1 gal/hr 

50% Load with Fan 279.2 L/hr 73.8 gal/hr 

25% Load with Fan 171.4 L/hr 45.3 gal/hr 

Cooling System¹   

Engine Coolant Capacity N/A N/A 

Inlet Air   

Combustion Air Inlet Flow Rate 171.2 m³/min 6045.2 cfm 

Max. Allowable Combustion Air Inlet Temp 56 ° C 132 ° F 

Exhaust System   

Exhaust Stack Gas Temperature 465.8 ° C 870.4 ° F 

Exhaust Gas Flow Rate 444.2 m³/min 15685.0 cfm 

Exhaust System Backpressure (Maximum Allowable) 6.7 kPa 27.0 in. water 
SS Page 5 of 7 
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Package Performance 

Genset Power Rating with Fan @ 0.8 Power Factor 2000  ekW 

Genset Power Rating  kVA 2500 

Aftercooler (Separate Circuit) N/A N/A 
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ELECTRIC POWER - Technical Spec Sheet 

2000  ekW/ 2500 kVA/ 50 Hz/ 1500 rpm/ 11000 V/ 0.8 Power Factor 

STANDARD 

3516 C 

Heat Rejection   

Heat Rejection to Jacket Water 721 kW 41002 Btu/min 

Heat Rejection to Exhaust (Total) 1964 kW 111690 Btu/min 

Heat Rejection to Aftercooler 514 kW 29230 Btu/min 

Heat Rejection to Atmosphere from Engine 142 kW 8075 Btu/min 

Heat Rejection to Atmosphere from Generator 123 kW 7001 Btu/min 

Alternator²  

Motor Starting Capability @ 30% Voltage Dip 5668 skVA 

Current 131 amps 

Frame Size 3010  

Excitation PM 

Temperature Rise 105 ° C 

Emissions (Nominal)³   

NOx 2437.8 mg/Nm³ 5.0 g/hp-hr 

CO 202.5 mg/Nm³ 0.4 g/hp-hr 

HC 11.1 mg/Nm³ 0.0 g/hp-hr 

PM 6.5 mg/Nm³ 0.0 g/hp-hr 

DEFINITIONS AND CONDITIONS 

1. For ambient and altitude capabilities consult your Cat dealer. Air flow restriction (system) is added to 
existing                     restriction from factory. 

2. UL 2200 Listed packages may have oversized generators with a different temperature rise and motor 
starting characteristics.  Generator temperature rise is based on a 40° C ambient per NEMA MG1-32. 

3. Emissions data measurement procedures are consistent with those described in EPA CFR 40 Part 89, 
Subpart D &  
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ELECTRIC POWER - Technical Spec Sheet 

2000  ekW/ 2500 kVA/ 50 Hz/ 1500 rpm/ 11000 V/ 0.8 Power Factor 

STANDARD 

3516 C 

E and ISO8178-1 for measuring HC, CO, PM, NOx.  Data shown is based on steady state operating 
conditions of 77° F, 28.42 in HG and number 2 diesel fuel with 35° API and LHV of 18,390 btu/lb.  The 
nominal emissions data shown is subject to instrumentation, measurement, facility and engine to engine 
variations. Emissions data is based on 100% load and thus cannot be used to compare to EPA regulations 
which use values based on a weighted cycle. 
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Applicable Codes and Standards: 
AS1359, CSA C22.2 No100-04, UL142,UL489, UL869, UL2200,  
NFPA37, NFPA70, NFPA99, NFPA110, IBC, IEC60034-1, ISO3046, ISO8528, 
NEMA MG1-22,NEMA MG1-33, 2006/95/EC, 2006/42/EC, 2004/108/EC. 

Note: Codes may not be available in all model configurations. Please consult your local Cat Dealer 
representative for availability. 

PRIME:Output available with varying load for an unlimited time. Average power output is 70% of the prime 
power rating. Typical peak demand is 100% of prime rated ekW with 10% overload capability for emergency 
use for a maximum of 1 hour in 12. Overload operation cannot exceed 25 hours per year. 

Ratings are based on SAE J1349 standard conditions. These ratings also apply at ISO3046 standard 
conditions 

Fuel Rates are based on fuel oil of 35º API [16º C (60º F)] gravity having an LHV of 42 780 kJ/kg (18,390 
Btu/lb) when used at 29º C (85º F) and weighing 838.9 g/liter (7.001 lbs/U.S. gal.). Additional ratings may be 
available for specific customer requirements, contact your Cat representative for details. For information 
regarding Low Sulfur fuel and Biodiesel capability, please consult your Cat dealer. 

www.Cat-ElectricPower.com 

Performance No.: DM8445-01 
Feature Code: 516DEA8 

The International System of Units (SI) is used in this publication. CAT, CATERPILLAR, their respective  

Generator Arrangement: 3622850 logos, ADEM, EUI, S•O•S, "Caterpillar Yellow" and the "Power Edge" trade dress, as well as corporate  
and product identity used herein, are trademarks of Caterpillar and may not be used without permission.  

Date: 11/30/2016 
Source Country: U.S. 
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