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Abstract

The energy sector in Zambia is currently relying on past investment in hydropower. Over

half of the electricity produced in the nation is consumed by the energy demanding cop-

per industry, which is responsible for over three-quarters of the annual export revenues.

In a nation where approximately 20% of the population has access to electricity, alterna-

tive energy solutions will have to be examined.

In this thesis, the feasibility of supplying a hydrogen electrolysis system with a 1 MW

photovoltaic plant in Zambia is examined.

Information is gathered through literature review, field excursion, and interviews. Soft-

ware simulations are used to assess the production from a photovoltaic plant in Zambia.

Calculations and analysis have been done to evaluate the feasibility of a photovoltaic-

hydrogen system.

An excursion to Zambia gave valuable information and understanding of the current sit-

uation in the region. Practical information and experience were obtained through conver-

sation and meetings with representatives from different companies and institutions.

The results indicate that a hydrogen electrolysis module supported by a 1 MW photo-

voltaic plant, would be optimal with a 750 kW alkaline water electrolyzer. With an ad-

ditional ideal energy storage system, a 250 kW alkaline water electrolyzer would be the

more fitting choice.

The final analysis indicates that a PV-hydrogen system is technologically feasible, but not

very efficient compared to the potential hydrogen production achievable from the elec-

trolyzer module. Additional energy storage and power sources should be implemented to

increase the total hydrogen production.

The PV-hydrogen system would most likely only be economically feasible in combination

with the existing industry rather than for commercial electrification in Zambia.
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Sammendrag

Energisektoren i Zambia støtter seg p̊a tidligere investeringer innen vannkraft. Over halv-

parten av elektrisiteten produsert i nasjonen g̊ar til den energikrevende kobberindustrien,

som er ansvarlig for over tre fjerdedeler av de årlige eksportinntektene. I en nasjon hvor

omtrentlig 20% av befolkningen har tilgang til elektrisitet, m̊a alternative energiløsninger

undersøkes.

I denne rapporten, er muligheten for å forsyne et hydrogen-elektrolyse-system fra ett sol-

celleanlegg p̊a 1 MW i Zambia blitt evaluert.

Informasjon er innhentet ved hjelp av litteratur studier, ekskursjon og intervjuer. Datasimu-

leringer ble gjort for å undersøke produksjonen fra et solcelleanlegg i Zambia. Bereg-

ninger og analyse har blitt gjort for å evaluere levedyktigheten til et solcelle-hydrogen-

system.

Ekskursjonen til Zambia ga verdifull informasjon og forst̊aelse av den n̊aværende situ-

asjonen i regionen. Praktisk informasjon og erfaring ble innhentet gjennom samtaler og

møtevirksomhet med representanter fra ulike selskaper og institusjoner.

Simuleringsresultatene indikerte at en hydrogen-elektrolyse-modul forsynt av et 1 MW

solcelleanlegg, vil fungere best med en 750kW alkalisk vann elektrolysør. Hvis ett alter-

nativt ideelt energi lagringssystem ble benyttet, ville en 250kW alkalisk vann elektrolysør

være et mer passende størrelses valg

Resultatene indikerer at et solcelle-hydrogen-system er teknologisk gjennomførbart, men

ikke veldig effektivt sammenlignet med den mulige hydrogen produksjonen som kan oppn̊as

med elektrolysørmodulen. Alternative energilagringsystemer og kraftkilder bør benyttes

for å øke den totale hydrogen produksjonen.

Solcelle-hydrogen-systemet kan sannsynligivs kun være økonomisk bærekraftig i kombi-

nasjon med eksisterende industri i Zambia, snarere enn for kommersiell elektrifisering .
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Background and Introduction

1 Introduction

1.1 Background

The Republic of Zambia is facing major energy challenges in the future. An energy-dependent

mining industry, lack of public electrical access and under-investment in infrastructure

are some of the problems that the landlocked nation will have to deal with in the com-

ing years. To have a sustainable and renewable future for in the energy sector, hydrogen

might be part of a comprehensive solution, with keywords such as solar- and hydro-power

playing important roles in the energy supply of the future.[1]

The total installed electrical generation capacity in the nation is 2 347 MW (2017), where

hydropower is responsible for approximately 96%. The demand for electricity in Zambia

has been increasing with about 3% annually, and the connected Southern Africa Power

Pool (SAPP) electrical power consumption has been increasing with an average of 5% per

year. The increase in power consumption is expected to accelerate in the coming years,

with a high demand for reliable, sustainable and renewable power sources. [2]

Hydrogen is the simplest and most abundant element in the known universe, despite this,

hydrogen does not exist naturally on earth. Since hydrogen reacts easily with other ele-

ments, hydrogen must be separated from other elements. Hydrogen is therefore classified

as an energy carrier and not an energy source. [3, 4]

Attention towards hydrogen as a reliable, sustainable, energy storage medium has rapidly

been increasing. Pairing hydrogen electrolysis with renewable energy sources such as solar

or hydropower could yield clean, reliable energy in large quantities. This is also appli-

cable for off-grid production and storage, which could be relevant in rural regions of the

nation. If the Sub-Saharan region growth is going to happen in a climate-sustainable way,

the commitment to clean, renewable technology should be made. [1, 2]
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1.2 Problem Definition

Due to poor rural infrastructure and a power demanding mining industry the ability to

store energy reliably, either for large scale mining/refining facilities or rural villages is

needed in Zambia. Due to the high solar irradiance in the region, a PV-facility and cou-

pled with hydrogen electrolysis could meet the current and future energy demand in a

sustainable and renewable way.

The following questions can be asked:

• Is hydrogen electrolysis from a 1 MW Photovoltaic system feasible?

• Could a PV-hydrogen system be economical feasible in Zambia?

This thesis will analyze the possibilities for a hydrogen production and storage unit, pow-

ered by a 1 MW PV-plant, in Chililabombwe, Zambia.

The PV-plant will be on the scale of 1 MW nominal power production. The daily and

yearly solar irradiation will be taken into account, when looking at the available power

supplied for hydrogen production.

The choice of electrolyzer cell will be based on efficiency, cost, durability and commer-

cially available technology. Hydrogen production volume is going to be calculated for

on-site storage. Storage alternatives will be taken into consideration when designing the

overall system.

A calculation for the accumulated cost and income will be conducted for the perceived

optimal system, with different hydrogen prices, to estimate the economical feasibility.
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1.3 Scope and Methodology

Scope

• Get a comprehensive overview of the power production from the PV-system through

simulations.

• Research existing electrolysis technology.

• Evaluate the efficiency, cost and methods of different hydrogen storage technologies.

• Obtain information about cost and performance parameters of the different compo-

nents through calculations.

• Research the existing electricity and transport infrastructure.

• Estimate the economical sustainability of the system.

Methodology

This thesis is based on the theory and information gained by the participants through lit-

erature review, online sources, excursion, mail correspondence, other research groups and

meetings with industry. With the knowledge obtained through these means coupled with

simulations and calculations, a complete PV-Hydrogen system will be proposed. Weekly

information exchange and transparency with guidance counsellors were used to receive

vital feedback and expertise during the process.
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Excursion

An excursion to Zambia were realized during the project period, from 8th of April to the

14th of April. It included a conversation with Boyd Simposya (NB solar Africa), meet-

ing with Moses Mubanga, Chief Engineer in ZESCO, presentation of a PV facility by

Hilton M. Fulele (Engineer, Copperbelt Energy Corporation (CEC)) and a tour of the

Copperbelt University (CBU) given by Robert Ngoma and Francis Mulolani. Valuable

information and understanding of the situation in Zambia were obtained through the var-

ious conversations and discussions during the trip. First-hand experience and information

about infrastructure and existing PV-facilities in Zambia were attained.

Figure 1.1: Photo taken at the excursion to Zambia. In the background is the PV-plant the Copperbelt
Energy Corporation (CEC) have constructed, which is situated right outside the CBU campus. From left
to right: Robert Ngoma (CBU), Jonas Jensen (NTNU), Hilton M. Fulele (CEC) and Francis Mulolani
(CBU).
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2 The Republic of Zambia

The nation is located on a high plateau in south-central Africa [5]. Zambia has a total

area of 752 612 km2 and a population of 17.9 million (per February of 2019). The capital

is Lusaka, and the landlocked nation borders with Zimbabwe, Botswana, Namibia, the

Democratic Republic of the Congo, Angola, Tanzania, Malawi, and Mozambique, as seen

in figure 2.1. [6]

Figure 2.1: Zambia’s geographical location highlighted on the African continent.[5]
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2.1 Demography

Lusaka is both the capital and the largest city, with approximately 2.5 million inhabi-

tants. Much of Zambia’s population is centered around Lusaka and the Copperbelt province

(Kitwe and Ndola). As shown in figure 2.2. The nation is one of the most urbanized coun-

tries in sub-Saharan Africa. Zambia is the 30th largest country in the world, and with a

population density of 24/km2 combined with an urbanization percentage of 44 % result-

ing in scarcely populated rural areas. [6]

Figure 2.2: The population distribution in Zambia. [7]

Zambia consists of 72 indigenous groups, where most speak a native language in the Bantu-

family. English serves as the common language and is declared the national language.

The two largest immigrant groups from outside the African continent are Indians (13

000) and Chinese (80 000). There are also approximately 89 000 asylum seekers and refugees

from the following nations: the Democratic Republic of Congo (47 000), Angola (27 000),

Zimbabwe (5 000) and Rwanda (5 000). [6]
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In table 2.1, Zambia is compared to the World average and Norway in terms of median

age, life expectancy, fertility rate and GDP per capita.

Table 2.1: Zambia compared with the world average and Norway. [5, 8, 9, 10]

Zambia World average Norway

Median age 16.8 30.6 39.3

Life expectancy 52.7 69.8 82

Fertility rate 5.63 2.42 1.85

GDP per capita [USD] 1 513.3 10 721.6 75 504.6

It is predicted that the population in Zambia could reach 43 million by 2050, and 104

million by 2100. [11]

Roughly 65 % have access to clean drinking water, and scarcely 43.9 % have access to im-

proved sanitation[6]. The risk of infectious diseases is high, and the number of antibiotic-

resistant virus strains is increasing in the sub-Saharan region.[5]

2.1.1 Climate

Since Zambia is located on a plateau in South-central Africa, the mean elevation in the

nation is 1138 meters above sea level, ranging from 329 meters above sea level, at the

Zambezi river in the south-west. To above 2 300 meters above sea level in the north-east.

Figure 2.3 shows the elevation distribution. Zambia has a rainy season from October to

April and is classified as tropic/sub-tropic, depending on the region. Figure 2.4 shows the

long-term average temperature. [5]
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Figure 2.3: The elevation distribution in
Zambia.[12]

Figure 2.4: The long-term average tempera-
ture in Zambia. [12]

The solar irradiance in Zambia is quite high. Figure 2.5 illustrates the long-term varia-

tion in Global Horizontal Irradiation (GHI). The regional variance can be explained by

the geography of Zambia. Comparing figure 2.3 and 2.4 gives some explanation about the

GHI, since cloud-formation would likely be happening correspondingly to the elevation

and the average temperature on the plateau where Zambia is located. [12]
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Figure 2.5: The long-term average GHI in Zambia. [12]

2.2 Infrastructure

2.2.1 Electric Power Industry

Zambia’s total installed electrical production capacity is 2 347 MW (2017) [2]. Of the

electricity produced, little is available for the population, and in 2010 only 20% had ac-

cess to electricity. This is because of the power demanding mining sector, which con-

sumes more than 50% of the electricity produced in the nation [13]. The grid is mainly

tailored around the mining sectors, as seen from figure 2.6. [1]
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Figure 2.6: Illustration of the transmission and installed capacity in Zambia. [1]

Zambia has a relatively large percentage share of hydropower installed, even compared

with Norway, see figure 2.7. It is estimated that there is about 6 000 MW of unexploited

hydropower potential in the nation. Due to the large energy demand from the mining

sector, Zambia has a large generation capacity and power consumption per capita com-

pared to other Sub-Saharan nations. The hydro resources allows the nation to produce

electricity for approximately 0.08 USD/kWh. [1]
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Figure 2.7: Installed electricity capacity in Norway and Zambia. [14, 2]

Although Zambia has mainly cost-effective hydropower, the power sector is being under-

mined by even lower power tariffs, at 0.03–0.04 USD/kWh. The power sector in Zambia

is mainly living on past investments, and the groundwork is not being facilitated for the

future. [1]

The long-term power supply will be influenced by the regional power trading organi-

zation, Southern African Power Pool (SAPP), see attachment C for the companies in-

volved. Especially the import of low-cost hydropower from the Democratic Republic of

the Congo, which is around 0.014 USD/kWh. In the medium term, Zambia is facing a

strategic choice of the investment distribution in the domestic expansion of renewable

energy, the construction of new thermal power stations or expanding the cross-border in-

terconnectors and transmission. [1]

There are multiple challenges to face, especially regarding electricity access and power

stability. Only 3.5% of the rural population have access to electricity, but make up the

majority of the population. Those who have access to electricity often experience load

shedding and numerous blackouts throughout the year. [1, 13]. Table 2.2 shows the power

status in 2010.
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Table 2.2: Electric power industry status in Zambia. [1, 2]

Status in Zambia (2010)

Installed power-generation capacity [MW/mill. people] 154.9

Installed electrical production [MW] 2 347

Yearly power consumption [kWh/capita] 771.0

Power outages [Day/year] 49.8

Access to electricity [%] 20.1

Urban access to electricity [%] 50.0

Rural access to electricity [%] 3.5

Growth access to electricity [%/year] 0.3

Transmission losses [%] 12.0

The time period from September to December, 2015, the nation experienced a major

power deficit due to shortage of rainfall in the 2014/2015 rainy season. The deficit varied

between 560 and 1 000 MW. This resulted in frequent load shedding, often eight hours

per day. [13]

In Zambia, the main electricity supplier is the state-owned Zambia Electricity Supply

Corporation (ZESCO) who is responsible for over 80% of the electricity consumed in the

nation. Private companies in the electricity sectors includes the Copperbelt Energy Cor-

poration (CEC), Lunsemfwa Hydro Power Company (LHPC), Zengamina Power Com-

pany Ltd (ZPC) and North Western Energy Corporation (NWEC). [15, 16, 17])
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2.2.2 Transportation

Road

Three-quarters of the primary and secondary road network, which connects the most im-

portant cities, mining facilities and border crossing points, are paved and in good condi-

tion. Heavy-duty trucks are vital for Zambia’s mineral-based economy and are the most

competitive for large bulk copper transportation in the nation. The allocation of resources

is enough to maintain and improve the primary and secondary road networks. Only 21 %

of the rural network is in good or fair condition. [1]. See figure 2.8 for an illustration of

the road network.

Figure 2.8: Illustration of the road infrastructure in Zambia. [1]
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Rail Road

The railroad infrastructure is not the most cost-competitive for large bulk copper trans-

portation. The reason for this is neglect in the maintenance of the railroad. The average

speed from Lusaka to Ndola is 15 km/h. There are currently two operators: The Railway

Systems of Zambia (RSZ) and The Tanzania and Zambia Railway Authority (TAZARA).

The RSZ serves the north-south and TAZARA operates an eastward route. Due to delays

associated with clearance, rail quality, loading, access rights and technical difficulties the

transport of goods from the DRC border, to the port of Durban, South Africa, a journey

of 3 000 km, takes 38 days to complete, 9 days of travel and 29 days of delay.[1]

Aviation

The domestic air transport is modest and is a fraction compared to neighboring countries

such as Angola, Mozambique, and Tanzania. Although the domestic air transport is mod-

est, Lusaka has good inter- African connectivity, and the Zambian air traffic is increasing,

due to investment from foreign aviation companies.[1]

2.3 Economy

After the millennium change, and the following decade and a half, Zambia experienced

substantial economic growth. With an average of 6.7 % increase in GDP per year, this

was mainly due to an increase in international copper prices. The copper industry is the

backbone of the Zambian economy. Figure 2.9 shows the distribution of export products

in 2014. Where 77 % of all the exports were copper. In 2014 the total exports was 12.6

billion USD, and imports was 9.6 billion USD. Which results in a positive trade balance

of 3 billion USD. [18]
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Figure 2.9: The export distribution in Zambia (2014). [18]

Zambia experienced major economic setbacks in 2015. In 2014 the Zambian GDP was

27.1 billion USD, while in 2015 it declined to 21.2 billion USD. The decline was due to

multiple reasons. After the election in 2015, the rise in expenditure, fiscal deficit, decrease

in copper prices and nationwide electricity shortage was the main reasons for the major

economic setback. It seems that the economy has stabilized, with an increase in GDP of

4.1 % in 2017 and 4.0 % in 2018. The medium outlook remains positive, but this could

change quickly. The nation is highly vulnerable to fluctuations in both: international cop-

per prices and weather conditions. Because of the reliance on hydropower and climate,

the seasonal rainfall directly dictates electricity and agricultural production in the nation.

[18, 19]
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Incentives

Over the last two decades, there have been some regulatory reforms and the development

of private sector incentives programs. This was done to make Zambia more attractive and

streamlined for businesses. The Zambia Development Agency (ZDA) was established in

2006 by the parliament. The agency took over for five different mandated functions and

made the processes of applying for permissions, exemptions, authorization, licensing, the

establishment of companies more streamlined and efficient. [17]

In 2014, the Industrial Development Corporation (IDC) was instituted by the Minister

of Finance. The corporation was established, so that the government could make more

precise and long-term investments in conjunction with private investors, to create new

industries. [20]

The following excerpt was posted by Enel, on the 20.06.2018:

”The Enel Group and Zambia’s Industrial Development Corporation (IDC) signed today

in Lusaka a financing agreement of around 34 million US dollars for the construction of

the 34 MW Ngonye solar plant in the country. The financing involves senior loans of up

to 10 million US dollars from the International Financing Corporation (IFC), a member

of the World Bank Group, up to 12 million from the IFC-Canada Climate Change Pro-

gram and up to 11.75 million from the European Investment Bank (EIB)”[21]

The following excerpts were posted on zambiareports.com, the 11.03.2019:

”President Edgar Lungu has commissioned the 54 megawatts solar power plant, Zambia’s

largest renewable energy project constructed at a cost of $60 million.”[22]

”The project represents a total investment of $60 million, $39 million of which were con-

tributed by the International Finance Corporation and the Overseas Private Investment

Corporation.”[22]
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There are currently no specific hydrogen storage infrastructure in Zambia, but there are

emerging organizations in the Sub-Saharan region that are looking promising for the hy-

drogen expansion. Especially The African Hydrogen Partnership Association (AHP).

Excerpt found on their website, (accessed the 19.05.2019)[23]:

”AHP will:

1. Initiate and support economically and commercially feasible programs that combine

large scale Power-to-Gas/Hydrogen (P2G) and Hydrogen (H2) Fuel Cell (FC) appli-

cations.

2. Form strategic alliances, consortium’s and syndicates with the strongest partners

from business, industry, finance, governments, research and science.

3. Connect with supranational organizations to implement hydrogen strategies.”
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3 Photovoltaics

A photovoltaic (PV) cell consists of semiconductors that react with the sun’s incoming

energy, called photon. When the photon is absorbed by the PV-cell, an electric current

forms through whats called the photovoltaic effect.[24]

3.1 Solar Irradiation

Our sun releases a large amount of energy every second, a portion of this is reaching the

earths atmosphere, on average 1367 W/m2. Some of this energy is reflected and absorbed

by the atmosphere, while the rest of the energy is distributed unevenly across the earth’s

surface, as seen in figure 3.1.[25].

Figure 3.1: World long-term average GHI.[26]

The variation in sunlight hitting a regions surface depends on the time of day and the

earths rotational axis, as this affects the hours of sunlight. The climate, mainly cloud

formation and regional air pollution affects the amount of solar irradiation available to

produce photovoltaic energy.[25]

The total solar irradiation reaching the earths surface, horizontal to the ground is called

Global Horizontal Irradiation (GHI). The GHI consists of Direct Normal Irradiance (DNI)

19



Literature Review

which is the radiation that comes in a straight line from the suns direction, and the Dif-

fuse Horizontal Irradiance (DHI) which is the radiation scattered by particles in the at-

mosphere. A tilted PV module receives additional irradiation reflected by the ground.

This reflection effect is referred to as the Albedo. [27] An illustration of the this can be

seen i figure 3.2 and figure 3.3.

Figure 3.2: Solar irradiation on a horizontal
module.[28]

Figure 3.3: Solar irradiation on a tilted
module.[28]

3.2 Operational Principle

A PV-cell consists of two layers of silicon. A layer that is negatively doped (N-type) and

a layer lying below, which is positively doped (P-type). When the two layers are com-

bined a PN-junction (Depletion zone) forms between the layers. The energy of the solar

irradiation (photon) penetrates the negative layer and hits the PN-junction. This results

in a potential difference between the layers, and an electron is freed. When connected to

an external circuit the electrons will generate electrical current. The voltage that occurs

can then be utilized as a DC power source. This is illustrated in figure 3.4.[29]

20



3. Photovoltaics

Figure 3.4: A principle sketch of a PV-cell.[30]

Nominal power rating of a solar module is determined at STC. Which equals a tempera-

ture of 25°C, irradiation of 1 000 W/m2 and air mass (AM) of 1.5. The nominal power is

denoted as watt peak (Wp) [31, 32]. The theoretical efficiency of a PV cell is about 33%.

Silicon has a band gap of 1.12 electrol volts, if a photon has higher or lower energy than

the band gap, it is absorbed as heat by the PV-cell. [24] The effect of temperature on a

PV-cell can be seen in the I-V characteristic figure in appendix D.

A single cell can provide an open circuit voltage of 0.5-0.6 V at 25° C. Cells are con-

nected in series-parallel configuration to form modules (panel). This is commonly done

to achieve outputs of 12 V, 24 V or higher. Modules can be combined in multiple ways,

the most common is in series (string) to form an array, as seen in figure 3.5. A PV sys-

tem usually consist of multiple strings. [33, 34]
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Figure 3.5: Difference between: cell, module and array.[35]

3.2.1 Converter

By implementing a DC-DC converter with a PV-system the voltage level can be trans-

formed to a desirable value matching the DC load requirement. Converters can also in-

clude a Maximum Power Point Tracker (MPPT). This is to reduce the mismatched out-

put from individual modules in a PV-system, due to the variation of environmental con-

ditions such as solar irradiation, shading, temperature, etc.[32]. DC-DC converters can

reach approximately 90% efficiency, dependent on temperature and rated output power[36],

shown in figure 3.6.
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Figure 3.6: Efficiency vs load characteristics for RECOM Power REC15E-Z Series DC/DC
Converters.[36]

3.2.2 Inverter

If a PV-system is connected to the grid or is to supply a household that uses AC-current,

a DC-AC inverter is utilized, in order to convert DC-current from the PV-system into

AC-current supplying the electrical load. A DC-AC inverter can typically reach 95% effi-

ciency dependent on the DC-voltage, the rated AC output power and temperature. This

is shown in figure 3.7. [37]
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Figure 3.7: Efficiency versus load characteristics for inverters.[37]

3.3 Solar Energy Technologies

The most commonly used PV technology is crystalline silicon (c-Si) and thin-film solar

cells (TFSC).[38]

3.3.1 Crystalline Silicon (c-Si)

Silicon is the main element present in a solar panel, about 90% of all solar panels are

made up of silicon. There are several different types where the main difference is the

degree of purity achieved by the production method. High precision is required when

achieving high purity and is considered an expensive process. The efficiency is directly

related to the degree of silicon purity. The c-Si is mainly divided into mono- and poly-

crystalline solar cells (wafers).[38]

Monocrystalline solar cells are made of silicon ingots which are cylindrically shaped due

to the Czochralski process when cutting into wafers, there is a relatively high amount

of waste which increases the production cost. While the polycrystalline silicon is melted
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from raw silicon and cast into quadratic shapes. Cutting the quaderatic silicon into wafers

will result in less production waste compared to the cylindrical monocrystalline, and a

cheaper product. The visual difference of mono- and polycrystalline can be seen in figure

3.8.[38]

Figure 3.8: Space utilization and appearance differences in PV-modules.[39]

The standard warranty of c-Si is 25-years, however life expectancy can reach 40-50 years,

with an approximated degradation rate of 0.5%/year.[40, 41]

Monocrystalline Silicon Solar Cell

Has the highest purity of the PV technologies and are made of single-crystal silicon. The

efficiency is typically about 15-20%. The high degree of purity contributes to the long

lifetime relative to other PV cells. They also work better in low light conditioning, when

a cell is partially covered eg due to shade, snow or sand. The efficiency of the PV-cell is

reduced at high temperatures, but monocrystalline is less affected then a polycrystalline.[38]

Polycrystalline Silicon Solar Cell

Has a lower heat tolerance and therefore has a lower life expectancy and performance at

high temperatures than monocrystalline. Because of a lower degree of silicon purity, effi-

ciency is often around 13-16%. [38]
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3.3.2 Thin Film Solar Cell

TFSC is made up of several sub-technologies, amorphous silicon (a-Si), cadmium tel-

luride (CdTe), copper indium gallium selenide (CIS/CIGS) and organic photovoltaic cells

(OPC). The efficiency of TFSC is around 7-13% dependent on the technology. As a result

of the simple mass production methods, thin-film modules are cheaper than crystalline-

based modules. Because of the lower efficiency, TFSC requires more space to achieve

similar nominal power as the crystalline-based modules. As a result of this, the cost of

support structures, cables, etc, increases. TFSC also has an increased degradation rate

(≈1%/year)[41], which leads to shorter lifetime and manufacturer warranty.[38]

3.4 Solar Tracking

The Earth rotates once on a daily basis and has one rotation around the sun per year.

These rotations will cause variations in the angle of DNI relative to a solar cell. To har-

vest the maximum amount of solar irradiation, the PV-module can be positioned normal

relative to the DNI by tilting the module or utilizing a solar tracking system. Figure 3.9

shows the different terminology regarding the suns position.[42]
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Figure 3.9: Illustration of the terminology regarding the suns position.[43]

As the earth rotates around the sun, environmental conditions vary throughout the year

due to the solar altitude. Which is caused by the tilt of the Earth’s rotation axis (23.4°)
[42]. Since the solar altitude only varies a small amount on a day-to-day basis, it may be

sufficient to have a fixed tilt on the east-west axis, or to manually adjust this angle 2-4

times a year, since an automatic control system is costly.[44]

To get the optimal configuration, it may be cost-effective to adjust the azimuth angle

by installing a single-axis tracking system for the north-south axis. By keeping the DNI

normal on the solar cell throughout the day solar energy production can be increased by

25-35%. While a dual-axis tracker adjusts both east-west and north-south, will yield an

additional 5-10% increase in energy production compared to single-axis tracking. Track-

ers are often used in commercial or industrial applications (>1 MW), due to the high in-

vestment and an increase in maintenance cost. It can also be suitable for high altitude

installations because of the sun’s altitude relative to the horizon. [44]
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3.5 PV Economics

The total cost of a PV-system is highly dependent on the region, and the size of the project

due to the economics of scale. From NREL’s ”U.S Solar Photovoltaic System Cost Bench-

mark: Q1 2017” the benchmark assumption is divided into three categories, residential,

commercial and utility-scale. Description and the range for each one are presented in ta-

ble 3.1. [45]

Table 3.1: PV benchmark assumptions from NREL. [45]

PV Sector Description Size [MW]

Residential Residential system 0.003 - 0.01

Commercial Commercial rooftop system, ballasted racking 0.01 - 2

Utility scale Ground-mounted system, fixed-tilt and one-axis tracker >2

The benchmark is based on the installed cost which represents the value paid to the de-

veloper and installer. It does not take into account any supply agreements or other con-

tracts. The costs of an utility-scale system is presented in figure 3.10. [45]

28



4. Hydrogen Production

Figure 3.10: Total cost of PV-system with fixed tilt and one-axis tracker, on an utility-scale. [45]

According to a report published by the International Renewable Energy Agency (IRENA)

in 2016, the global weighted average cost of electricity could decrease with 59% for photo-

voltaics between 2015 and 2025. [46]

4 Hydrogen Production

The world’s total energy consumption in 2016 was approximately 400 ·1018 joules. About

3% of this energy was used to produce hydrogen. Pure hydrogen does not exist naturally

in any meaningful quantities since it reacts easily with other substances. It has to be sep-

arated from other chemical components. This is the reason why hydrogen is called an

energy carrier, and not an energy source. [3]
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Approximately 90% of all hydrogen produced (2017), is used as a chemical component

in industrial applications such as ammonia production, methanol production and in oil

refineries. Most of this hydrogen is produced for use in industry. About 96% is produced

on-site for on-site consumption, and only 4% are available for marked trading. A small

percentage of the world’s hydrogen consumption (≈ 1000 tonnes or 0.002%) is currently

used in hydrogen vehicles. However, this is an increasing sector. The hydrogen vehicle

capacity, delivered per year, for transport applications increased from 37 MW in 2014 to

456 MW in 2017. This is more than a tenfold increase in the annual delivered capacity.[3]

Although the world’s consumption of hydrogen as a chemical component in industrial ap-

plications is expected to continue to grow, hydrogen has started to receive attention as

an energy carrier for reducing greenhouse gas emissions[3]. The most common production

methods are water electrolysis, steam reforming of natural gases or gasification of hydro-

carbons in coal. [47] Figure 4.1 shows different hydrogen cycles.
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Figure 4.1: A flowchart of the hydrogen cycle. [4]

One of the major challenges with solar power is the variations in production, that does

not necessarily vary with the demand. The implementation of hydrogen storage could

help solve this issue. Through hydrogen water electrolysis coupled with clean solar power,

large quantities of hydrogen could be produced and stored. With the use of a fuel cell,

the chemical energy in the hydrogen could be released, and the only by-products being

water and electricity. The process is quick, and consequently, it can help solve the prob-

lems with abrupt energy demand and intermittent renewable energy sources. [47]
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4.1 Steam Methane Reforming

The most common way to produce hydrogen is through steam-methane reforming. About

95% of the hydrogen produced in the United States is through natural gas reforming. It’s

a mature technology that can utilize pre-existing natural gas pipeline infrastructure. [48]

The process uses high-temperature steam (700 – 1 000° C) which reacts with methane

under pressure (3-25 bar). With the presence of a catalyst, this reaction produces hydro-

gen, carbon monoxide and small amounts of carbon dioxide. The process is endothermic,

so a continuous supply of heat is required. The steam-methane reforming equation is de-

scribed in equation 4.1 below. [48, 49]

CH4 +H2O +Heat→ CO + 3H (4.1)

An additional process called “water-gas shift reaction” can be deployed to further in-

crease efficiency. The carbon monoxide from the previous reaction can be used to produce

more hydrogen and carbon dioxide. This is described in equation 4.2. [48, 49]

CO +H2O → CO +H +Heat (4.2)

If the end carbon is captured, this technology can be deployed to reduce the carbon foot-

print of current facilities that utilize natural gas. Steam reforming can be deployed to

produce hydrogen from other fuels, such as ethanol, propane, ammonia or gasoline. [48,

49]
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4.2 Water Electrolysis

Water electrolysis is the definition of decomposing water molecules H2O into hydrogen

H2 and oxygen O2. This is done by separating two electrodes with an ionic-conducting

electrolyte and apply an electrical potential across the electrodes. The potential will cre-

ate a hydrogen evolution reaction (HER) at the negative cathode and an oxygen evolu-

tion reaction (OER) at the positive anode. The total reaction is represented in equation

4.3. [50]

H2O(l)/(g) + Energy −→ H2(g) +
1

2
O2(g) (4.3)

.

4.2.1 Thermodynamics

The thermodynamic energy can be classified into reversible and irreversible energy. Re-

versible energy in a chemical reaction is referred to as the change in Gibbs free energy

(∆G). ∆G is the theoretical minimum energy required to decompose a water molecule

into hydrogen and oxygen, and is often referred to as the lower heating value (LHV) at

standard temperature and pressure (STP). [51, 52]

Irreversible energy changes linearly with temperature (T ), as the temperature increases

to the transition phase from liquid to gaseous state a change in entropy (∆S) occurs.

Change in enthalpy (∆H) includes both reversible and irreversible energy and is the min-

imum energy required for water electrolysis also called the higher heating value (HHV).

The thermodynamic connection is seen in equation 4.4. [51, 52]

∆H = ∆G+ T∆S (4.4)
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The minimum theoretic potential is expressed from Nernst’s equation and is dependent

on Faraday’s constant (F = 96485 C
mol

) and the number of electrons (z = 2). Calculation

for the reversible potential for water decomposition (Vrev) and the thermo-neutral poten-

tial (Venth) which is the ideal potential for electrolysis is presented in equation 4.5 and 4.6

respectively. [52]

V °
rev = −∆G°

zF
(4.5)

V °
enth = −∆H°

zF
(4.6)

At STP the reversible potential is 1.23V , the process is endothermic and therefore re-

quires energy. If deviations from the STP is present reversible potential changes as de-

scribed in Nernst’s equation 4.7. [51]

V rev = V °
rev −

RT

zF
ln

(
pH2

√
pO2

p
3/2
0 aH2O

)
(4.7)

V rev = Reversible potential [V]

V °
rev = Reversible potential (STP) [V]

R = Universal gas constant (8.314)
[

J
K·mol

]
T = Temperature [K]

F = Faraday’s constant 96 485
[

C
mol

]
z = Number of electrons

p = Partial pressure, subscript denotes element [Pa]

At STP (1.23V) the theoretical energy consumption rate (∆G) is 2.94 kWh/Nm3 H2 or

32.7kWh/kg H2. It decreases with increasing temperature as illustrated in figure 4.2. In

reality, the potential used by industry lies approximately between 1.8-2.6V due to the

kinetics and resistance in the electrolyzer cell.[52]
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Figure 4.2: Water decomposition, energy consumption versus temperature. [52]

4.2.2 Kinetics and Resistance

As the applied cell voltage of an electrolysis cell is greater than the reversible potential.

The overpotential (η) at the anode and cathode, and the total ohmic potential (rtotj) has

to be taken into consideration, shown in equation 4.8. The energy required to overcome

the overpotential is highly dependent on the electrocatalytic properties of the electrode

material.[53, 52]

V cell = V rev + |ηA|+ |ηC |+ rtot j (4.8)

V cell = Cell potential [V]

V rev = Reversible potential [V]

ηA = Anodic/Oxygen overpotential [V]

ηC = Cathodic/Hydrogen overpotential [V]

rtot = Total ohmic resistance [Ω · cm2]

j = Current density
[

A
cm2

]
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Overpotential/kinetics can be described as the activation loss occurring at the electrode

surfaces due to the chemical reactions. The magnitude of the activation loss is affected by

the absorption of reactant molecules, electron transferred through the membrane and the

electrode itself. The overpotential is described by the Tafel equation 4.9.[54, 50]

η = a+ b · log[j] (4.9)

The total losses due to ohmic resistance from the membrane rmem, the electrolyte rele,

the bubble formation at the electrode rbub and the circuit rcir contributes to increase in

the actual potential, as seen in equation 4.10.[52] Figure 4.3 shows an electric equivalent

circuit for an electrolyzer cell.

rtotj = j · (rmem + rele + rbub + rcir) (4.10)

Figure 4.3: Equivalent circuit of an electrolyzer cell.
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4.2.3 Water Supply

Steady water supply for water electrolysis is important for mainly two reasons: feedwater

for hydrogen production and cooling water for the overall system. [55]

Feedwater

The feedwater in an electrolyzer has to be free of undesired particles, contaminants and

objects that could harm or contaminate the cell. The presence of undesirable conducting

material in an electrolysis cell could lead to less efficiency or short-circuiting of the cell.

The water has to undergo a purification process before it is introduced to the cell. Some

of these processes are mentioned in table 4.1. [55]

Table 4.1: Different water purification processes.[55]

Process Technique

Physical Filtration, sedimentation and distillation

Biological Sand filters and biologically active carbon

Chemical Flocculation and chlorination

Electromagnetic radiation Ultraviolet light

Cooling water

Multiple components require specific temperature ranges to operate optimally. Water as a

cooling medium is an effective means to do so, especially compared to air, due to the high

specific heat capacity of water, see table 4.2. If a facility is located close to an area where

natural cooling water is accessible, this will help reduce the overall cost of the facility.

[56]

Table 4.2: Specific Heat Capacity, water and air, at 25°C. [57]

Specific Heat Capacity

Water [kJ/kg°C] 4.184

Air [kJ/kg°C] 1.020
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4.3 Electrolyzer Technologies

For commercial use, there are two main types of electrolyzers: alkaline water electrolyzer

(AWE) and proton exchange membrane water electrolyzers (PEMWE) [50]. There are

also different emerging technologies that look promising in the field, such as solid oxide

water electrolyzer (SOWE) and molten carbonate water Electrolyzer (MCWE) [58]. The

next section presents a more detailed explanation of the different technologies mentioned.

In table 4.3 some key values are presented for the different technologies.

Table 4.3: Comparison between electrolysis technology. [58, 59]

AWE PEMWE SOWE MCWE

Maturity Mature Commercial Demonstration -

Stack lifetime [hours] 60 000-90 000 20 000-60 000 <10 000 -

System response Seconds Milliseconds Seconds -

Cell voltage [V] 1.8 - 2.4 1.8 -2.2 0.7-1.5 -

Current density [A/cm2] 0.2-0.4 0.6 -2.0 0.3 -2.0 -

Temperature [°C] 60 - 80 50 - 80 600 - 900 600 - 700

Consumption [kWh/kg H2] 53.4 - 70.1 54.2 - 90.4 26.9 -

Efficiency [%] 56 - 73 48 - 65 90 90

4.3.1 Alkaline Water Electrolyzer

When an electrical potential is applied across the electrodes in the AWE, water decom-

poses into hydrogen (H2) and hydroxide ion (OH−). The positively charged anode at-

tracts OH− through the semi-conducting diaphragm, which is permeable to hydroxide

ions and water molecules. As the covalent bond forms, gases escape the electrode sur-

face. The anodic and cathodic half-cell reactions is presented in equation 4.11 and 4.12,

respectively. The AWE uses an alkaline electrolyte (lye), most common a potassium hy-

droxide (KOH) solution which increases the ionic conductivity of OH−.[60] The solution

is also corrosive, which makes maintenance of the cell more demanding [61]. A schematic

of AWE is presented in figure 4.4.
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Figure 4.4: Illustration of an Alkaline Water Electrolysis. [58]

2OH−
(aq) −→

1

2
O2(g) +H2O(l) + 2e− (4.11)

2H2O(l) + 2e− −→ H2(g) + 2OH−
(aq) (4.12)

AWE is a mature and well-tested technology. Although there are still some challenges

to solve: low current density, low operating pressure and the limited ability to operate

at low cell voltages. This would make the cell vulnerable to rapid fluctuations in input

power. The limitations are due to the risk of gas molecules that could transfer through

the diaphragm. The transfer of gas molecules will increase when the pressure at the cath-

ode increases and the cell voltage decreases on the anode side. This could cause the pres-

ence of hydrogen in the oxygen stream. If the H2 concentration is above 4% it could cause

an explosion in the cell. [60]
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4.3.2 Proton Exchange Membrane Water Electrolyzer

PEMWE uses a gas-tight polymeric membrane as the electrolyte, most commonly Nafion

or Fumapem. The membrane has the properties to conduct positively charged hydrogen

ions (H+) from the anode to the cathode and to minimize the gas crossover. A covalent

bond of hydrogen is formed when re-combined with electrons.[62] When the hydrogen

bonding occurs, the hydrogen becomes neutrally charged. At the anode, oxygen is formed

as a result. The layout for a PEMWE can be seen in figure 4.5. The anodic and cathodic

half cell reactions can be seen in equation 4.13 and 4.14 respectively.

Figure 4.5: Illustration of a Proton Exchange Membrane Water Electrolyzer. [58]

H2O(l) −→
1

2
O2(g) + 2H+

(aq) + 2e− (4.13)

2H+
(aq) + 2e− −→ H2(g) (4.14)
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A PEMWE has a higher current density compared to AWE, which reduces the overall op-

erational costs. The ohmic loss is dependent on the thickness of the membrane, which is

often ≈ 20 − 300µm thick. It is desirable to have a thin membrane to reduce resistance,

but thick enough to handle the desired operational pressure. Some commercial cells can

achieve output pressures of 350 bar due to electrochemical compression. Electrochemi-

cal compression reduce or eliminate the energy demand for further compression. Low gas

crossover through the membrane allows the PEMWE to operate in a wide area of power

inputs. The membrane also allows protons to be transported quickly across, resulting in

the cell to be able to respond to power input fluctuations. There is no delay by inertia as

it would be in liquid electrolytes. [62]

The PEMWE have an high investment costs due to corrosion-resistant materials required

to withstand corrosive environment (pH≈ 2), but also to withstand relatively high over-

potentials (≈ 2V ). Precious metals such as platinum, iridium, and ruthenium are mostly

used as catalysts, current collectors and separator plates often use titanium-based metals.

[62] The layout of the PEM is shown in figure 4.6.

Figure 4.6: Illustration of a Proton Exchange Membrane. [60]

41



Literature Review

4.3.3 Solid Oxide Water Electrolyzer

SOWE differs from both PEMWE and AWE because of the high operating temperature

required. Thermal energy must be supplied to achieve the necessary operating tempera-

ture. This energy is mainly compensated for, because the need for electrical energy de-

creases as the temperature increases. The total energy consumption is almost unchanged

as the temperature rises. If the heat is supplied by thermal intensive industries, a high

overall efficiency could be achieved, see table 4.3. [60, 63]

SOWE and PEMWE are similar in the way that both use a solid electrolyte to achieve

ionic conductivity in the cell. The state of the art electrolyte for SOWE is the yttria-

stabilized zirconia (YSZ). For the conductivity to be sufficient, this material requires high

operational temperatures (≈1000°C). There are several problems associated with the high

operating temperature in the cell, and these include integrity, long-lasting stability, inter-

layer diffusion, production, and material difficulties. Many studies have been conducted

to find a suitable electrolyte, that has sufficient ionic conductivity at intermediate tem-

peratures, to help solve some of the issues. [60, 63]

Figure 4.7 depicts the principle behind an SOWE cell. The half-cell reaction for the an-

ode and the cathode is presented in equation 4.15 and 4.16 respectively. [52]
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Figure 4.7: Illustration of a Solide Oxide Water Electrolyzer. [58]

O2−
(aq) −→

1

2
O2(g) + 2e− (4.15)

H2O(g) + 2e− −→ H2(g) +O2−
(aq) (4.16)

4.3.4 Molten Carbonate Water Electrolyzer

MCWE uses nickel-based porous electrodes and a molten carbonate electrolyte, because

of this, the cell has to have a high operating temperature to achieve sufficient ionic con-

ductivity of oxygen. Figure 4.8 shows the principle behind an MCWE. It differs from

other electrolysis cells in the way that carbon dioxide and water, must be present in the

inlet portion of the cell. This is because CO2 is a reactant when producing carbonate

ions. The half-cell reaction for the anode and the cathode is presented in equation 4.17

and 4.18 respectively. [64]
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Figure 4.8: Illustration of a Molten Carbonate Water Electrolyzer. [58]

H2O(g) + CO2(g) + 2e− −→ H2(g) + CO3
2− (4.17)

CO3
2− −→ 1

2
O2(g) + CO2(g) + 2e− (4.18)

MCWEs are generally used in large scale facilities, and have high a efficiency, as shown

in table 4.3. With integrated combined heat and power (CHP), or combined cooling and

power (CCP), overall efficiency’s of 90 % can be achieved. [64] There are two main disad-

vantages to the MCWE:(i) loss of electrolyte and (ii) dissolution of the cathode. During

operation, the electrolyte is consumed due to vaporization and corrosion. This results

in a shorter lifespan for atmospheric systems. The cathode usually consists of nickel ox-

ide, which is soluble with the electrolyte. This leads to nickel ions, which transfers to the

anode. This could causes metallic nickel to precipitate in the electrolyte, leading to inter-

nal short-circuiting, and limit the lifespan of the pressurized systems in the electrolyzer.

Many investigations are being carried out to fix the challenges associated with the parti-

cle carbonate composition. Mainly in cathode materials, modifying the present electrode

and examining different carbonate compositions. [64]
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5 Hydrogen Storage

Hydrogen has a low volumetric energy density at standard temperature and pressure

(STP), see table 5.1. Hydrogen storage at moderate temperature and atmospheric pres-

sure is therefore impractical for any industrial applications. [60]

Table 5.1: Properties of hydrogen and diesel at STP (0°C and 1 atm). [4, 60, 65]

Hydrogen Diesel

LHV [MJ/kg] 119.96 42.6

HHV [MJ/kg] 141.80 45.6

Density [kg/Nm3] 0.0899 0.846

Gravimetric energy density [MJ/kg] 141.80 45.6

Volumetric energy density [MJ/Nm3] 10.7 360.4

5.1 Hydrogen Transformation

Hydrogen can be stored in gas-, solid- or liquid state. Hydrogen electrolysis delivers hy-

drogen in a gas state [4]. The industrial methods to increase the volumetric energy den-

sity of hydrogen are: [3]

• Compression to higher pressures.

• Cryogenic liquid storage (below -252.8° C at 1atmosphere).

• Metal Hydride Absorption

• Chemical conversion or mixture with a substance that is liquid or solid in moderate

pressures and temperatures.
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5.2 Compressed Hydrogen

Compression is a way to increase the volumetric energy density of the fuel. By pressuriz-

ing the hydrogen, the density will increase. In a gaseous state, hydrogen is usually stored

in high-pressure tanks in the range of 300-700 bar. At 300 bar, the density of hydrogen

is approximately 20 kg/m3 at 700 bar the density is 40 kg/m3. 700 bar is the pressure-

specifications in hydrogen tanks used in most fuel cell cars. By combining pressurizing (1

000 bar) and low temperature ( -60°C), densities above 60 kg/m3 can be achieved. [3, 66]

These densities will make hydrogen competitive with fossil fuels, but the compression

does demand energy. The compression from 1 to 30 bar will demand energy equivalent

to 4-5 % of the original energy content for hydrogen. Compression to 350 or 700 bar will

require an additional 4-8 % of energy. Therefore the trade-off between investment costs

for adequate storage volume and costs associated with compression has to be considered.

[3]

5.2.1 Piston Compressor

There is different wayw of supplying the force to a piston. The basic principle involving

piston compression is to have suction through an one-way valve, then compress the sub-

stance and force it through another one-way valve, with the help of external force. This

principle is shown in figure 5.1. [4]
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Figure 5.1: Simple schematic of piston compression. [4]

5.2.2 Diaphragm Compressor

A membrane-based compression has advantages compared to a piston based one. Espe-

cially that it is free of lubricants in the vicinity of the substance that is being compressed.

This is very important when dealing with chemically pure or explosive gases. The princi-

ple is shown in figure 5.2. [4]
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Figure 5.2: Simple schematic of diaphragm compression. [4]

5.3 Liquid Hydrogen

Another way to make hydrogen viable as an energy storage medium is through liquefac-

tion. Hydrogen can be stored in liquid form which appropriate for larger volume trans-

portation, or if liquid hydrogen is required by an end user. This is because such state

conversion requires a lot of energy and is demanding to handle. One thing to note from

table 5.2 is the small difference between the melting and boiling point of hydrogen. To

achieve liquid hydrogen, it has to be cooled down to 20 K (1 atmosphere). [3, 4, 60]

Table 5.2: Phase transition, hydrogen and water at 1 atm. [60]

Hydrogen Water

Melting point [°C] -259.16 0

Boiling point [°C] -252.88 100

Liquid hydrogen has an energy density of 71 kg/m3, which is substantially higher com-

pared to compression at room temperature. The energy requirement to cool down hydro-
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gen, is between 25-35 % of the original energy content of the hydrogen. [4]

The main issue in liquid hydrogen storage is evaporation. This could result in evapora-

tion loss of 0.03-2% per day of the original volume. This is an important factor that has

to be taken into account when comparing different storage alternatives. Systems that

minimize the evaporation has to be deployed if liquid hydrogen storage is to be consid-

ered a viable alternative. [4]

5.4 Metal Hydride Storage

Metal hydride (MH) stores hydrogen atoms in a metal lattice structure. As a hydrogen

storage technology it has some noticeable advantages. The metal hydride requires en-

ergy to release the hydrogen from the metal lattice, this means it’s very stable and easy

to handle. Additionally, due to the efficient absorption of hydrogen in the metallic lattice,

the density of metal hydride storage is comparative to liquid hydrogen (≈ 70 kg/m3), but

at moderate pressure and temperature. The US DOE long term goals are a decomposi-

tion temperature between 60 and 120 °C for commercial use. The main challenges are the

long absorption time, high total system weight and high cost. Studies indicate that im-

proved kinetics and lower decomposition temperatures for the material used is feasible to

improve. If the remaining challenges are solved, this method for storage could be feasible

for commercial storage in multiple areas in the future. [67, 68]

The interaction between the MH and H-atoms is exothermic, and the desorption is en-

dothermic. The process is illustrated in figure 5.3. [67]

Figure 5.3: The interaction between Metal Hydride and hydrogen atoms (red). [69]
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5.5 Chemical Storage

Chemical hydrogen storage usually refers to covalently bound hydrogen in solid or liquid

form in compounds that have high hydrogen densities e.g. ammonia or methylcyclohex-

ane. [70]

Ammonia contains over 17.6% hydrogen, based on weight. The hydrogen density in liq-

uid, anhydrous ammonia at 25 °C and 10 bar is ≈ 107kg/m3. [3] The release of hydrogen,

from the compound, is usually exothermic. This requires that the remaining dehydro-

genated by-product has to be re-hydrogenated in a separate location and process. This

will lead to an increase in the total system cost. Additionally, the by-product after the

release of hydrogen could be challenging to use and handle. [70, 71]

One of the main advantages of using chemical storage is the high density of hydrogen

that can be stored, relatively safe and in large volumes. Where pre-existing infrastructure

is present, this could be a cost-efficient alternative and a way to bring down the carbon

footprint in existing industry. [70, 71]
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6 Alternative Energy Storage Systems

Due to the intermittent nature of many renewable energy systems (RES), such as solar

and wind, power production might not follow the ideal consumption pattern. A trans-

mission grid can be difficult and might not be economically feasible to extend to remote

areas. In some situations, a microgrid or an off-grid system could be the only solution to

have access to electricity.

To make an off-grid PV system reliable, an energy storage system (ESS) might be a vi-

able solution for the intermittent production pattern. The surplus power can be stored

and discharges when demand fluctuates. [72]

6.1 Battery Energy Storage System

There are several different battery technologies on the marked. The Lead Acid and the

Lithium-Ion (Li-ion) battery is taken into consideration in this thesis.

The demand and innovation for Battery Energy Storage Systems (BESS), is rapidly evolv-

ing and prices are expected to drop in the following years. The costs are however rela-

tively high in some regions, and may not be economically justifiable without subsidies or

regulatory requirements. [73]

For a BESS there are several specifications to consider. The battery capacity is the to-

tal amount of energy that can be stored, given in kWh. While the power rating is how

much energy that can be discharged at any moment in watts. The discharge rate is ex-

pressed as the C-rate, a C-rate of 1C will fully discharge a battery over one hour while

C/8 over eight hours. By fully charge/discharging a battery the lifetime will rapidly de-

crease. Therefore a depth of discharge (DoD) limit is set, is the amount of energy cycled

in the battery and is expressed as a percent of the battery capacity. Exceeding this limit

would increase the degradation rate. [74].
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Batteries naturally degrade over time. High battery cycle count and temperature has a

potentially negative long term impact on a BESS, in terms of capacity degradation. Man-

ufacturers provide a warranty for a certain capacity over the total lifetime or for a specific

number of cycles. As the technology matures, improvement of the battery chemistry may

increase. Leading to a longer lifetime of the BESS technologies [73, 75]. In table 6.1 key

difference between lead acid and Li-ion batteries is presented.

Table 6.1: Comparison between lead acid and lithium ion batteries.[74, 76]

Parameters Lead Acid Lithium Ion

Specific energy [Wh/kg] 35 - 40 150 - 180

Specific power [W/kg] 250 800

Available capacity on the market 2-24 kWh MW(s)

Efficiency [%] 85 90

Life expectancy [years] 15 10 - 15

Cost(battery only) [$/kWh] 150 - 200 600 - 800

Installed system cost [$/kWh] 400 - 600 1250 - 1500

Safety Excellent Issues to be resolved

Main usage Residential Commercial & Utility

6.2 Mechanical Energy Storage

Mechanical energy storage is a term that includes the storage technologies which utilize

potential or kinetic energy. The best-known technologies are: pumped hydroelectric stor-

age (PHS), compressed air energy storage (CAES) and flywheel energy storage (FES).

The different energy storage systems are compared in table 6.2. The values are presented

in min to max values for a thorough comparison. It is worth noting that there is a broad

range for each storage system. [77]
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Table 6.2: Comparison between PHS, CAES and FES. [78, 79]

PHS CAES FES

Specific energy [Wh/kg] 0.3 - 1.5 3.2 - 60 5 - 200

Energy density [kWh/m3] 0.5 - 1.5 0.4 - 20 0.25 - 424

Specific power [W/kg] 0.007 - 0.117 2.2 - 24 400 - 30 000

Power density [kW/m3] 0.00761-0.117 0.04 - 10 40 - 2 000

Efficiency [%] 65 - 87 40 - 89 70 - 96

Storage duration hours - months hours - months sec - min

Self Discharge Rate [%/day] ∼0 ∼0 1.3 - 100

Lifespan [year] 20 - 100 20 - 40 15 - 20

Scale [MW] 10 - 8000 0.01 - 3000 0.001 - 20

Energy CAPEX [USD/kWh] 1 - 291.2 1 - 140 200 - 150 000

Median Energy CAPEX [USD/kWh] 33.00 11.88 900.00

6.2.1 Pumped Hydroelectric Storage

Pumped hydroelectric storage (PHS) is the most common form of large-scale energy stor-

age in the world [77]. Figure 6.1 is an example of how a PHS-facility is designed.

Figure 6.1: Layout of a hydroelectric facility. [80]
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The reliability, flexibility, and simplicity of the system make it very attractive as an en-

ergy storage option. Traditionally PHS has been used to optimize high inertia load gen-

eration applications, additionally the system can function as a flood control and assist

in irrigation, both upstream and downstream due to the predictable nature. Due to the

large capacity and ability to store and supply on demand, it synergies well with intermit-

tent renewable energy sources, such as wind and solar. [77]

PHS is not perfect in all aspects. It is often associated with high capital cost, develop-

ment time, and long payback time. If the correct geographic conditions are not present,

it is difficult to make such a project profitable. Large scale transmission might have to be

built, to make such a facility effective and to be fully exploited. Environmental impacts

of diversion of rivers and creation of artificial water bodies needs to be taken into consid-

eration when constructing such a facility. [77]

6.2.2 Compressed Air Energy Storage

Compressed air energy storage is a viable technology for both large- and small-scale en-

ergy storage. All CAES systems have the three main steps in the cycle: compression,

storage, and expansion. Electrical energy is converted into potential energy, in the form

of pressurized air, and is released on demand to generate electricity with the help of gas

turbines. Small systems (<100kW) often utilize tanks for storage. While larger systems

often rely on natural or man-made caverns. Such as wells, hard rock/limestone mines,

aquifers or salt caves. The layout of a system is shown in figure 6.2. [77]
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Figure 6.2: The layout of a large scale CAES system. [81]

The advantages of CAES shares some characteristics with PHS. High reliability, flexibil-

ity, long life expectancy, relatively low O&M costs compared to other technologies and

low self-discharge rates. Additionally, CAES has better volumetric energy density and

power outputs than PHS. By exploiting pre-existing, underground areas, it can have a

low environmental impact. It would also be suitable for intermittent renewables energy

sources, due to the flexibility of storage. [77]

The main challenge with CAES is the geological suitability. Especially for large scale

storage, it is necessary to have suitable caverns for storage. There are multiple require-

ments for such an area to be feasible for storage: volume, minimal leakage and be able to

handle thermal stress are important factors to make such a project economically feasible.

These conditions are rare and make CAES difficult to implement in many regions of the

world. [82]
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6.2.3 Flywheel Energy Storage

The principle behind a flywheel is simple, it stores kinetic energy with the use of rota-

tional mass. The main components subsystems are the flywheel, bearing, electrical gener-

ator, power converter, and chamber, shown in figure 6.3. [83]

Figure 6.3: Layout of a carbon fibre flywheel. [83]

The reason why FES is attractive for energy storage is the high efficiency for short dura-

tions and negligible temperature fluctuations when discharging. The implementation of

the system is also very flexible, and could be located independent of geography. [77, 84]

There are unfortunately some short-comings with the system: high self-discharge rates,

continuous monitoring, and safety risks. The kinetic energy stored in the system puts

extreme stress on the material. This could cause vibrations and material degradation,

which could result in shattering of the rotor or material. Because of the high rotational

speed a flywheel could be operating in (>100 000 rpm), this could result in projectiles
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with extremely high kinetic energy and could lead to the destruction of the imminent sur-

roundings. This calls for continuous monitoring systems with rigorous safety routines,

which would lead to higher costs. The discharge rate is mainly due to friction, which

increases with the rotational speed. FES systems are usually deployed as a peak power

supplier or for smoothing out rapid power fluctuations due to the limitations set by the

discharge rate. [85, 77, 84]

7 Economics

In this section the economical terms used in this thesis will be explained, as well the back-

ground for the hydrogen prices used in the analysis.

7.1 Capital Expenditure

Capital expenditure (CAPEX) is the expense a company in the start-up phase or who

is to expand its business has to spend. All expenses associated with new inventory, in-

cludes machinery and intellectual property is defined under CAPEX, different examples

are listed below. [86]

• Acquisition of fixed assets.

• Preparation of acquired assets for suitable use.

• Upgrading assets.

• Adapting assets for different use.
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7.2 Operating Expenditure

Operating expenditure (OPEX) is the expenses associated with the daily operations where

raw materials are converted into products that are ready for sale. Examples are listed be-

low. [86]

• Management expenses

• Insurance fees

• Property taxation expenses

• Fuel and maintenance

• Salary and wages

• Supplies and raw materials

7.3 Levelized Cost of Energy

Levelized cost of energy (LCOE) is used as an indication factor on whether a project will

provide financial gain. LCOE takes into account fixed and variable costs as well as to-

tal energy production throughout the system lifetime. By estimating these costs and to-

tal energy produced, LCOE will provide a simple estimate of how much money must be

made per unit of energy produced in order to break even. This value is obtained by uti-

lizing equation 7.1. [87]

LCOE =
Total Lifetime Cost

Total Lifetime Output Energy
=

∑n
t=1

It+Mt+Ft

(1+r)t∑n
t=1

Et

(r+1)t

(7.1)

It = Investment and expenditures for the year (t)

Mt = Operational and maintenance expenditures for the year (t)

Ft = Fuel expenditures for the year (t)

Et = Electrical output for the year (t)

r = The discount rate

n = The expected lifetime of the system
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Renewable energy sources often have expensive investment costs, some of which are com-

pensated for by little or no fuel usage and carbon emissions, especially compared to fos-

sil based energy sources. To make renewable energy more economically attractive, some

countries have introduced tax credits and tax deductions and other subsidies to encour-

age renewable energy investments. [87]

7.4 Hydrogen Prices

Hydrogen prices are essential for the feasibility of a hydrogen electrolysis facility. The re-

alistic end price of hydrogen will be determined by a multitude of factors. Such as the

marketing strategies, underlying financial conditions, business model and competitive

market. It’s not unreasonable to expect unsustainable high prices in the beginning, as the

local demand is low. The synergy between supply and demand will be a challenge that

hydrogen suppliers will have to solve. [88]

The consumer price is especially important if the hydrogen is going to a fuel cell electri-

cal vehicle (FCEV) consumer. From a consumer’s perspective, the fuel price difference

between an FCEV and other transport options is vital for the decision. High hydrogen

prices will hold back the interest in the FCEV sector, and therefore make it less attrac-

tive for economical investment. [88]

In attachment G the U.S. Department Of Energy stated that the goal in 2015 was to pro-

duce hydrogen from an alkaline electrolyzer for 5.60 USD/kg H2. This number is sub-

stantially lower than the 14 USD/kg H2, that the California Energy Commission stated

was the current price level in 2015. The difference in assumed values and the real-life

value chain is something that needs to be taken into consideration when analyzing the

economic feasibility of hydrogen production. [88, 89]

Mass production of electrolyzers and fuel cells, in combination with the need for energy

storage and more research and development in the field. Could result in hydrogen, as

an energy carrier, becoming a more cost-effective alternative in the future. According to

NEL, due to highly tailored production methods today, standardized mass production of

electrolyzers in the future, could decrease the cost of a module by 30% alone. [61]
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The increase in the electrolysis plant capacity will also reduce cost per unit of energy,

as shown in figure 7.1. This is because the cost of system monitoring, engineering, and

operational cost will not increase in the same manner as the increased capacity. [90]

Figure 7.1: CAPEX versus electrolyzer plant capacity. [90]
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Methods and Approach

In this section, the methods and approaches for obtaining the results will be presented.

PVsyst, Matlab and Excel is used to carry out the simulations, calculations, and analysis,

respectively. Autocad was used for various graphical representations. We choose a time-

frame of 25 years for the system.

The overarching structure is listed below:

1. PV-simulations PVsyst

2. Power consumption Matlab

3. Hydrogen production Matlab

4. Economical analysis Excel

In figure 7.2 the system simulated in the thesis is illustrated.

Figure 7.2: Visual representation of the system simulated in the thesis.
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8 Photovoltaic

This section explains the method and approach used to simulate and calculate the differ-

ent parameters regarding the PV-module component of the system.

8.1 PVsyst

PVsyst is a software program, used to model the PV-system in this thesis. The software

is suitable for designing and scaling a PV-system, by combining weather data with spe-

cific PV-modules from different manufacturers. This combination gives an approximation

of the power production for a complete PV-system.

The coordinates for Chililabombwe’s location is added to PVsyst. From this, PVsyst

could obtain different meteorological data such as solar irradiation, temperature, wind ve-

locity, relative humidity. The meteorological data source chosen for this project is Metronome

7.1.

The nominal installed power was set in the thesis description (1 MW). The other system

design parameters are chosen based on literature review, mail correspondence and prelim-

inary simulations. A poly-crystalline PV-module from Canadian Solar Inc (CS3U-345p-

FG) with 17.39% efficiency is chosen, as well as two 500 kW generic DC/AC inverter

from the PVsyst database. All simulations are done in 5 year intervals for 25 years. The

values between the intervals is calculated with linear interpolation. Options for soil loss,

degradation due to aging and thermal loss due to wind are chosen in PVsyst. Shading of

nearby PV-modules is not taken into account in PVsyst simulations.

PVsyst is unable to simulate a DC off-grid system due to an error in the software. The

simulated production is conducted with a DC/AC inverter, which may have some impact

on the final result since the electrolyzers uses DC-current. In table 8.1 the different input

parameters added to conduct the simulation are presented.
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Table 8.1: Specific design inputs for the PVsyst simulations.

Input Value

Coordinates 12 to 13 °S and 27 to 28 °E
Nominal power 1000 [kW]

Specific PV-module Canadian Solar Inc, 345 Wp 33 Volt, SI poly CS3U-345P-FG

Inverter Generic 500 kW, 320-700V, LFTr 50Hz, 500kW AC x 2

Configuration Fixed tilt & Single-axis tracking system

Soil loss 2%

8.2 Land Coverage and PV-Orientation

Based on the literature review, different PV-orientations where examined. Fixed tilted

angle in the east-west axis and an additional single-axis tracking system in the north-

south axis is examined as possible configurations.

To determine the orientation of the PV-module, several simulations were conducted to

find the optimal angle for the fixed tilt (18°east-west axis). This angle was then used in

further simulations when determining which range the additional single-axis tracking sys-

tem should operate in. Data from the initial simulations was imported to Matlab for pro-

cessing.

Because the simulations done in PVsyst did not take shading into account, additional

land coverage required to prevent shading on nearby panels is calculated.

This was done by sketching in Autocad and applying geometric calculations in Matlab,

to determine the optimal fixed tilted angle and the tracking systems maximum angle in

the north-south axis. The sketch and geometric equations are presented in appendix E.

Values for the land coverage was calculated as a percentage increase of the module area

and graphically presented with its respective annual power production.

Due to the shading of nearby PV-modules and the effect this had on the increase of land

coverage, for the tracked configuration a range limit in the north-south direction was set

(± 60°). In order not use the excessive area for the PV-plant. The loss in efficiency due
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to the shading that occurs for steeper angles than ± 60° is not taken into account in the

thesis.

The simulated power production is uploaded to Matlab. To obtain a representative plot

for the production, an average production time of 12 hours per day is used in the calcu-

lations. The sum of the power production over the 25 years was done by numerical inte-

grating the plotted result. This is done for both fixed tilt and fixed tilt with a tracking

system.

8.3 PV Price Estimate

The CAPEX for the PV-system is based on NREL’s system cost benchmark [45]. The

prices in that report was based on PV-systems above 5 MW. By extrapolation, the prices

for a fixed tilt and single-axis tracking system is estimated for the 1 MW system. The

CAPEX is calculated with equation 8.1.

CAPEX = Cest · Pnom (8.1)

Cest = Cost estimate [$/Wp dc]

Pnom = Nominal Power [Wp]

The OPEX for the PV-system is found in the literature review to be 0.8% of the CAPEX

[91]. The 0.8% is also used for the single-axis tracking system. A discount rate of 5% is

used in the the LCOE calculation.

OPEX = CAPEX · 0.008 (8.2)
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9 Electrolyzer System

This section explains the method and approach used to calculate the hydrogen output

regarding the electrolyzer component of the system.

Because of the intermittent energy source and the small scale of the system, MCWE and

SOWE electrolyzers are deemed not feasible and are excluded from further simulations

and analysis in the report. The main challenge for high-temperature electrolyzers is the

day/night cycle regarding solar power. This means that the electrolyte must be re-heated

daily to reach ionic conductivity. Which will be detrimental for the overall system ef-

ficiency. Additionally, MCWE and SOWE are regarded as less mature than AWE and

PEMWE.

The electrolyzer values are based on NELs PEMWE-module (M-series) and AWE-module

(A-series). Datasheet is found in appendix A and B for the PEMWE-module and the

AWE-module respectively. The numeration indicates the volumetric capacity in Nm3

H2/h. The M100 and M200 equals 500 and 1000 kW stack size respectively. Due to the

A-series having higher efficiency than the M-series, the A100 and A200 has some devia-

tions from the 500 and 1000kW stack size. This was deemed to be in an acceptable range

for calculations according to NEL. The M-series is upgradable in 250 kW increments,

which is also assumed to be true for the A-series. [61]
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9.1 Power Consumption

The electrolyzer parameters that are investigated through Matlab is presented in table

9.1.

Table 9.1: Simulation parameters used for the electrolyzer in Matlab modelling.

Simulation parameters

Electrolysis technology AWE & PEMWE

Installed stack size [kW] 250, 500, 750 and 1000

Dynamic range (PEMWE) 0-100% of installed capacity

Dynamic range (AWE) 15-100% of installed capacity

According to NEL the system could be simplified in order to estimate the final electrolyzer

system range. Different sub components where regarded as auxiliary devices, it was found

to be 10% power consumption of the electrolyzer stack size. This was based on the datasheet

for the M-series in appendix A, and assumed to be true for the A-series. The M-series

has an outlet pressure of 30 bar and the A-series 1 bar. The difference in outlet pressure

between the two electrolyzers has not been taken into account, and a 5% power consump-

tion for compression was added to both AWE and PEMWE. This gave the total system

consumption range, presented in table 9.2.

Table 9.2: Electrolyzer system range used in Matlab modelling.

System range

System range (PEMWE) 15-115% of stack size

System range (AWE) 30-115% of stack size

The power consumption is calculated by comparing the power output from the PV-inverter

to the system range for each stack size. The energy outside the system range is regarded

as surplus energy. The lower system corresponds to when the electrolyzers is able to pro-

duce hydrogen. The system power consumption was plotted over one week to illustrate

how the electrolyzers respond to the fluctuating power input.
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The energy required to have continuous operation throughout the year is calculated as

the electrolyzer capacity. The system energy consumption was divided on the full elec-

trolyzer capacity to get the capacity loss. This indicates if the electrolyzer is under- or

over-dimensioned according to the PV-energy produced.

9.2 Hydrogen Production

There is a difference in the efficiency in the technologies. For AWE the production rate

is 42.3-48.9kWh/kg H2 and for PEMWE 47.5-55.0 kWh/kg H2.The hydrogen production

rate also varies throughout the dynamic range for the electrolyzers. By applying equation

9.1 and 9.2 the power consumption was calculated for the AWE and the PEMWE. By

using equation 9.3 the hydrogen production was calculated.

ṖAWE = 48.9− 7.765

(
1−

(
P

PEl

))
(9.1)

ṖPEMWE = 55− 7.5

(
1−

(
P

PEl

))
(9.2)

mH2 =
P

Ṗ
(9.3)

Ṗ = Power consumption [kWh
kg

]

P = Power input [kW]

PEl = Installed stack size [kW]

mH2 = Hydrogen produced [kg]

To further improve the hydrogen production calculations, the stacks degradation is taken

into account. Specific data given by Norconsult said that the AWE cell stack should be

replaced when reaching 20% degradation.
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Based on literature review and information given by Norconsult, the lifetime of an AWE

was set to 87 600 hours (10 years) and the PEMWE to 20 000 hours (≈ 2.3 years) of con-

tinuous operation. Based on this, the AWE is set to reach 20% degradation after 87 600

operating hours and the PEMWE is set to reach 20% degradation after 20 000 operating

hours. Stack replacement was simplified for the PEMWE to be every 5 years, since this

corresponds to the five year interval from the PV output and is about the time when the

PEMWE reaches 20 000 operational hours.

Since the feasibility study is for a PV-supplied electrolyzer-system, the equation for AWE

9.4 and PEMWE 9.5 is made to give degradation per hour. The hours of operation is cal-

culated by counting all values, that is inside the dynamic range. The equations are ap-

plied from year one, and applied every five years consecutively, assuming that degrada-

tion between the five-year interval is linear. The possible degrading effect of a variable

power input will have on the electrolyzers or the standby degradation has not been taken

into consideration, due to the scope of this project.

ηAWE = 1 +
0.02

8760
· h · y (9.4)

ηPEMWE = 1 +
0.0876

8760
· h · y (9.5)

η = Degradation rate

h = Total Operational time [h]

y = Year

The degradation rate is multiplied with the power consumption to account for the in-

crease in energy demand by the stack throughout the years.
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10 PV-Hydrogen System

This section explains how the complete system analysis is conducted. Assumptions made

to produce the economic analysis are mentioned in this section.

The peak power output from the PV is set to 1 MW. The analysis is done with the SI

poly CS3U-345P-FG module, with fixed tilt of 18° in the east-west axis and a ±60° north-

south axis tracking configuration. CAPEX used for the PV-system is 1.62USD/W DC

and OPEX is 0.8% of the CAPEX.

Based on the literature review, chemical conversion, liquefaction and metal hydride where

excluded as storage options for further economic analysis in the thesis. The suggestion

from NEL was steel tanks for storage and a generic compressor, that could compress hy-

drogen to 300 bar. The values for the tank and compressor used in the system analysis

are shown in table 10.1. [61]

Table 10.1: Storage tank and compressor values used in the simulations. [61]

Parameters Value

Tank Size [m3] 6

Tank weight [kg] 13 000

Hydrogen weight [kg] 120

Tank pressure [bar] 300

Tank Cost [USD] 92 915

Compressor Size [kWh] 37.5

Compressor cost [USD] 114 930

CAPEX for electrolyzer and compressor is given by NEL and is presented in table 10.2.

[61]
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Table 10.2: CAPEX for electrolyzer and compressor combined, given by NEL.[61]

A100 A200 M100 M200

CAPEX[million NOK][61] 10.0 13.0 14.0 19.5

CAPEX[million USD]a 1.15 1.49 1.61 2.24

CAPEX[$/kW] 2300 1490 3220 2240
a Converting price with 0.1149 USD/NOK at May 5th.

The O&M cost for the 500 kW AWE stack including storage tanks is found to be 3.33%

of the CAPEX, with a discount rate of 5%, suggested by Norconsult [92]. This was as-

sumed to be appropriate for all stack sizes. The cost is presented in table 10.3. The O&M

cost for the compressor was suggested by NEL to be 1-2 % of the CAPEX. In the eco-

nomic analysis 1.5 % (1724 USD) is used.[61]

Table 10.3: 0&M cost for electrolyzer and tanks combined, the first year, given by Norconsult.

A100 A200 M100 M200

O&M [USD] [92] 34 479 45 972 40 226 56 028

The CAPEX and OPEX for the 250 kW and 750 kW stack size are calculated by extrap-

olating and interpolating values from table 10.2 and 10.3. The LCOE is calculated by

using equation 7.1 and the following assumptions:

• Neglected lye costa.

• No O&M escalator.

• No cost associated with transportation and distribution.

• No down-time due to maintenance.

• Feed water cost is not included.

• Resale value of the system is not included.

• No engineering cost.

a Only applies to AWE.
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10.1 Hydrogen Price Estimate

The economic analysis is based on the accumulated cost of the total system and the ac-

cumulated income from the hydrogen produced. The hydrogen value range used in the

analysis is based on the estimated hydrogen fuel prices and values from the literature re-

view. The hydrogen fuel price is estimated by comparing fuel cost and vehicle range with

values from the USA and Zambia.

In table 10.4 the range for a Conventional Gasoline Vehicle (CGV) and a Fuel Cell Elec-

trical Vehicle (FCEV) is presented.

Table 10.4: Vehicle range CGV and FCEV. [88]

Range

CGV 11.5 km/L gas

FCEV 106.2 km/kg H2

The national average gasoline prices in January 2019, for both Zambia and the USA, is

described in table 10.5.

Table 10.5: Gasoline prices USA and Zambia. [93, 94]

Price of Gasoline

USA 0.75 USD/L

Zambia 1.66 USD/L

For the analysis, the upper bound was decided to be the estimated FCEV fuel price in

Zambia, this was calculated to be 15 USD/kg H2. The calculation is shown in appendix

G.

As a lower bound, 5 USD/kg H2 was decided to be appropriate, due to the U.S. Depart-

ment Of Energy stated that the goal in 2015 was to produce hydrogen from an alkaline

electrolyzer at 5.60 USD/kg H2 G.

Based on initial simulations and prices given for the different electrolyzer stack sizes.
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The final economical system analysis is done with a 750 kW stack for both AWE and

PEMWE, and assuming that 100% of the hydrogen is sold.

10.2 Additional Energy Storage System

To improve the hydrogen output from the PV-Hydrogen system, an additional energy

storage system is considered in the thesis.

Matlab is used to calculate the surplus energy for all stack sizes. The peak surplus energy

is considered to be the capacity requirement for an additional energy storage system. The

cost of an additional energy storage system coupled with the associated surplus energy

for each stack size is going to be estimated.

Due to the time limitations of this thesis, an analysis of the hydrogen production with a

realistic additional storage system is not going to be conducted. Instead, the PV-Hydrogen

system is going to assume that an ideal storage system is deployed (100% efficiency and

storage capabilities). This is done to examine the possible gain in hydrogen production,

with an additional storage system.
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Results

All results obtained by PVsyst, Matlab and excel will be presented in this chapter.

11 Photovoltaics

The results from solar irradiation to the inverter power output will be presented in this

section.

11.1 PVsyst Simulation

For the simulation in this thesis a solar panel of ”SI-poly CS3U-345P-FG” from the man-

ufacturer Canadian Solar Inc. is used (data sheet is presented in appendix D), and two

500kW DC/AC generic inverter from PVsyst’s database. Due to a software error, PVsyst

was unable to perform off-grid DC/DC simulations. By analyzing figure 3.7 and 3.6 simi-

larities between AC/DC and DC/DC characteristics lead to the assumption that AC/DC

inverter could be used without major deviations compared to a DC/DC converter. The

PV-module layout used for the simulation was 13 modules in series and 223 strings, which

equals 2 899 PV-modules. This gave the nominal power of 1 000kW.

11.1.1 Solar Irradiation

The global horizontal irradiation varies throughout the year due to the climatic variations

as seen in figure 11.1. The Zambian rain season stretches from October to April, where

GHI peaks, but have a lower average GHI, mainly due to cloud formation. From May to

September the dry climate causes a relatively stable average GHI as seen in table 11.1.
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Figure 11.1: Global horizontal irradiation in Chililabombwe, Zambia.

Table 11.1: Average GHI in Chililabombwe, Zambia.

Month Average GHI [W/m2]

January 207.5

February 213.8

March 223.8

April 235.4

May 238.8

June 233.8

July 244.6

August 266.2

September 270.8

October 265.4

November 238.3

December 215.0

First year total 1.982 [MW/m2]
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11.1.2 Fixed Tilt vs Tracking System

The optimal fixed tilt angle for the east-west axis was found to be 18°. This gives a 5.2%

increase in the module area (5 752m2). Which results in a total land coverage of 6 051m2.

The first year power production for fixed tilt was found to be 1 740 MWh. The simula-

tions results can be seen in figure 11.2.
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Figure 11.2: Power output versus land coverage with East-west tracking.

The range for the north-south axis tracking system was found to be optimal at ± 80-90°.
This range gave an unjustifiable increase in area. Therefore further simulations was done

with ±60°. This configuration resulted in a first-year production of 2 238 MWh. The to-

tal land coverage increase, with the 18°fixed tilt and a tracking system, was found to be
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110.4%. This equals a total module area of 12 102m2. The simulation results are pre-

sented in figure 11.3.
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Figure 11.3: Power output versus land coverage with north-south tracking.

A summarize and comparison between module orientation, for fixed tilt and a tracked

configuration, can be seen in table 11.2.
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Table 11.2: Summarized results after module orientation simulations.

Output Fixed tilt Tracking configuration

Module area [m2] 5 752 5 752

Total area increase [%] 5.2 110.4

Land coverage [m2] 6 051 12 102

1st year power production [MWh] 1 740 2 237

In appendix E a visual display of the PV-module land coverage, due to shading with a

single-axis tracking system is illustrated. The simulation in this project has not taken

into account the shading that occurs in the early morning or late evening due to the sun’s

position.

11.1.3 Power Production

The PV-system produces power 4 023 h/year due to the day/night cycle and variations

in climatic conditions. The mean power production with a single-axis tracking system

ranges from 499.1± 90.5kW/h in the Zambian rain season to a relatively stable mean

production in the winter, 656.5± 6.6 kW/h. With fixed tilt, the production varies from

373.9 ± 65.3 to 490.0±24.1 kW/h, in the rain season and winter. The mean power pro-

duction each month for a fixed tilt and tracking system is presented in figure 11.4.
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Figure 11.4: Fixed versus tracking, mean monthly power production.

Figure 11.5 shows the difference in power output for the PV-plant between the tracking

configuration and fixed tilted, on an hourly time scale for the first week in January.
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Figure 11.5: Fixed versus tracking, daily power output, first week in January.

According to PVsyst, degradation and increasing mismatch in the PV-modules leads

to an efficiency loss of 14.7% over 25 years. The 25th year production is down to 1 491

MWh/year and 1 919 MWh/year for fixed tilt and tracking system, respectively. This

relationship is presented in figure 11.6.
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Figure 11.6: Effect of PV degradation on annual power production, continuous line represents tracking
and dotted line fixed tilt.

The first year energy production increases with 28.6% when using a single-axis tracking

configuration compared to only having the fixed tilt. Table 11.3 displays the annual en-

ergy production every five years, from the simulations.
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Table 11.3: Annual power production from the PV-system.

Year Fixed [MWh] Tracked [MWh]

1 1 740 2 237

5 1 705 2 193

10 1 652 2 125

15 1 604 2 064

20 1 560 2 007

25 1 491 1 919

Total 40 683 52 335

11.2 Economics

For a 1MW fixed tilted system one can expect to pay approximately 1.5 USD/W DC,

while for single-axis tracking system prices increases 8% to 1.62 USD/W DC. This is

shown in figure 11.7. The CAPEX is approximately 1.5 million USD for fixed tilt and

1.62 million USD for a single-axis tracking system. The OPEX was found to be 0.8% of

the CAPEX, 12 000 and 12 960 USD for fixed tilt and tracking, respectively. Based on

equation 7.1 the levelized cost of energy for fixed tilted system was calculated to 0.072

USD/kWh and decreasing with 15.3% to 0.06 USD/kWh for single-axis tracking.
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Figure 11.7: Extrapolated prices for PV-modules, based on NREL system cost benchmark.
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12 Alkaline Water Electrolyzer

This section contains the results with an AWE, obtained from Matlab and excel calcu-

lations. Energy production from PV with a single-axis tracking system used as a refer-

ence. The AWE module in this paper is based on NELs A-series, the datasheet is found

in appendix B. NELs M-series (PEMWE) is upgradeable in 250 kW increments, which is

assumed to be true for the A-series as well.

12.1 Power Consumption

The total power consumed by the electrolyzer system is dependent on the stack size, sup-

port equipment, and compression. The dynamic stack range for the A-series is 15-100%

with a DC power consumption ranging from 3.8-4.4kWh/Nm3 H2 (42.3-48.9kWh/kg H2).

For the electrolyzer system range, an additional 15% is added. This is based on the as-

sumption that the support equipment equals 10% and the compression 5% of the power

consumption. Table 12.1 contains the limits used for further calculations.

Table 12.1: System and stack ranges for Alkaline Water Electrolysis for different installed capacities.

Stack size [kW] Dynamic range [kW] System range [kW]

250 37.5 - 250 75 - 287.5

500 75 - 500 150 - 575

750 112.5 - 750 225 - 862.5

1 000 150 - 1 000 300 - 1 150

Figure 12.1 and 12.2 shows the variation in daily energy consumption compared to the

PV energy available throughout the first year. The difference between PV output and

electrolyzer consumption is the surplus energy available.
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Figure 12.1: Daily energy consumption by electrolyzer versus PV energy available, 250 kW and 500
kW, AWE.
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Figure 12.2: Daily energy consumption by electrolyzer versus PV energy available, 750 kW and 1000
kW, AWE.
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Figure 12.3 and 12.4 shows the variation in hourly power consumption compared to the

PV power available for the first week in January.
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Figure 12.3: Hourly power consumption by the electrolyzer versus PV power available, 250 kW and 500
kW, first week in January, AWE.
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Figure 12.4: Hourly power consumption by the electrolyzer versus PV power available, 750 kW and
1000 kW, first week in January, AWE.

As the stack size increases the difference in system consumption and surplus energy be-

comes less significant. Although the 1 000kW modules maximum system range (1 150kW)

is above the PV-systems nominal power of 1 000kW. The yearly consumption, surplus en-

ergy and the energy loss for the evaluated stack sizes can be seen in table 12.2.
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Table 12.2: First year hydrogen electrolyzer system consumption and solar surplus energy, AWE.

Stack size System consumption Surplus energy Energy loss

[kW] [MWh] [MWh] [%]

250 994.7 1 242.7 55.6

500 1 734.6 502.9 22.5

750 2 126.1 111.3 5.0

1 000 2 103.4 134.1 6.0

By comparing the first year system consumption to the full capacity of the electrolyzer

(24h/day), the 250 kW stack consumes 39.5% of its available capacity. The capacity loss

increases with increasing stack size. The yearly production time for the different stack

sizes decreases due to the system range seen in table 12.1. All values are presented in ta-

ble 12.3.

Table 12.3: First year performance, in terms of capacity, capacity loss and up time, AWE.

Stack size Electrolyzer capacity a Capacity loss b Operational hours c

[kW] [MWh] [%] [h/year]

250 2 518.5 60.5 3 706 (92.1%)

500 5 037.0 65.6 3 475 (86.4%)

750 7 555.5 71.9 3 227 (80.2%)

1 000 10 074.0 79.1 3 031 (75.3%)
a Continous production throughout the year.
b System consumption in table 12.2 compared to the full capacity of the electrolyzer stack size.
c Percent value is production time compared to the available power produced by PV (4023 hours 1st
year).

12.2 Hydrogen Production

Hydrogen production fluctuates close to the same manner as the PV-power production.

The deviations from the power production is due to the power needed for the support

equipment and compression. With the 250 and 500 kW stack, the hydrogen production is

relatively stable, as seen in figure 12.5. Fluctuation is expected due to the highly variable
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power input. As the stack size increases to 750 and 1000 kW, the hydrogen production

becomes rather unstable. The difference between the 750 and 1 000 kW electrolyzer is

minor, as seen in figure 12.6. In figure 12.7 the monthly production from the different

electrolyzers is compared.
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Figure 12.5: Daily hydrogen production the first year, 250kW & 500kW, AWE.
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Figure 12.6: Daily hydrogen production the first year, 750kW and 1000kW, AWE.
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Figure 12.7: Monthly hydrogen production, the first year, AWE.

The 250, 500 and 750kW stacks reaches the maximum hydrogen production potential.

The 1000kW stack has a maximum production of 17.8 kg H2/h where the maximum po-

tential is 20.4 kg H2/h. The difference in production is largest between 250 and 500kW,

and the increase in production seems to taper off after the 750kW stack size. Table 12.4

shows the first year the production for both the PV-Hydrogen system and an Ideal Elec-

trolysis System.

89



Results

Table 12.4: First year hydrogen production, AWE.

Stack size Max production Productionb Production capacityc

[kW] [kg H2/h] [Nm3 H2/h] [kg H2 /year] [kg H2 /year]

250 5.1 56.7 17 607 44 676

500 10.2 113.5 30 537 89 352

750 15.3 170.2 37 166 134 028

1000 17.8a 198.0 36 004 178 704
a Maximum production potential for a 1000kW stack is 20.4kg H2/h or 226.9Nm3/h.
b Hydrogen production from the PV-module.
c Max production 8 760 hours/year

The hydrogen production declines due to degradation from both cell stack and PV-system,

the effect of degradation is presented in figure 12.8. The expected lifetime for the AWE

PV-hydrogen system is about 25 years of operation (≈ 87 600 hours), which equates to

about 20% degradation [92].
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Figure 12.8: Hydrogen production over 25 years, AWE. The decrease is due to degradation.

Over 25 years the 250kW stack has degraded to 20.9% while the 500, 750 and 1000kW

stacks is sub 20% as presented in table 12.5.
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Table 12.5: Hydrogen production and stack degradation over 25, AWE.

Stack size [kW] 25 Year Production [kg] Stack degradationa [%]

250 399 925 20.9

500 684 836 19.4

750 806 796 17.8

1000 772 595 16.5
a Degradation after 25 years (20% degradation = 87 600 operational hours).

12.3 Hydrogen Compression and Storage

NEL suggested that a storage capacity of seven days, before further transportation would

be reasonable. NEL also recommended using tanks that could hold 120 kg of hydrogen

at 300 bar. The number of tanks is based on the maximum hydrogen production, from

figure 13.9. The total number of tanks with this capacity is presented in table 12.6.

By compressing hydrogen from 1 to 300 bar, the compressor size was considered to be

5% of the electrolyzer stack size, this was given by Norconsults supervisor. Values are

presented in table 12.6.
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Figure 12.9: Hydrogen production the first year, with a weekly interval, AWE.
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Table 12.6: Compressor and tank size for each evaluated stack size, AWE.

Stack size [kW] Compressor size [kW] Mass [kg H2] Number of tanksa

250 12.5 414.0 3.5 ≈ 4

500 25.0 748.0 6.2 ≈ 7

750 37.5 1004.0 8.4 ≈ 9

1000 50.0 1016.0 8.5 ≈ 9
a Roundup value.

12.4 Economics

For the system including the PV, AWE, compression, and storage the CAPEX was found

to range from 2.97-3.95 million USD. The calculated values are presented in table 12.7.

Table 12.7: Total CAPEX and OPEX, and the LCOE including the PV-system with tracking and
AWE.

Stack size [kW] CAPEX [USD] OPEX [USD/year] LCOE [USD/kg H2]

250 2 968 565 43 416 15.5

500 3 419 705 49 162 10.4

750 3 777 930 54 909 9.7

1000 3 950 325 60 656 10.8

In figure 12.10 the accumulated cost of the total system over 25 years, using a 750 kW

AWE is shown. The accumulated cost is presented by the blue line and is increasing due

to O&M. The other lines represent the accumulated income generated by hydrogen sales.

After ≈ 11 years, the project reaches it payback period with the 15 USD/kg H2 value.

After ≈ 23 years, the project reaches it payback period with the 10 USD/kg H2 value.

The 5 USD/kg H2 value will not accumulate enough income to make the project economi-

cal viable during the 25 year lifetime.
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Figure 12.10: The accumulated system cost and income for variable hydrogen prices, AWE.
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13 Proton Exchange Membrane Water Electrolysis

This section contains the results with a PEMWE, obtained from Matlab and excel cal-

culations. Energy production from PV with a single-axis tracking system used as a ref-

erence. The PEMWE module is based on NELs M-series, the datasheet is found in ap-

pendix A. The results for the PEMWE deviate only by a small amount compared to the

AWE result, the major difference is in the economical aspect.

13.1 Power Consumption

The total power consumed by the electrolyzer system is dependent on the stack size which

contains the stack, support equipment, and compression. The dynamic stack range for

the M-series is 0-100%. With a DC power consumption ranging from 4.3-4.9kWh/Nm3

H2 (47.5-55.0 kWh/kg H2). For the electrolyzer system range, an additional 15% is added.

This is based on the assumption that the support equipment equals to 10% and the com-

pression to 5% of the power consumption. Table 13.1 contains the limits used for further

calculations

Table 13.1: System and stack ranges at different installed capacities, PEMWE.

Stack size [kW] Dynamic range [kW] System range [kW]

250 0 - 250 37.5 - 287.5

500 0 - 500 75 - 575

750 0 - 750 112.5 - 862.5

1000 0 - 1000 150 - 1150

Figure 13.1 and 13.2 shows the variation in daily energy consumption compared to the

PV energy available throughout the year. The difference between PV output and elec-

trolyzer consumption is the surplus energy available.
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Figure 13.1: Daily energy consumption by electrolyzer versus PV energy available, 250 kW and 500
kW, PEMWE.
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Figure 13.2: Daily energy consumption by electrolyzer versus PV energy available, 750 kW and 1000
kW, PEMWE.
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Figure 13.3 and 13.4 shows the variation in hourly power consumption compared to the

PV-power available for the first week in January.
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Figure 13.3: Hourly power consumption by the electrolyzer versus PV power available, 250kW and
500kW, PEMWE.
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Figure 13.4: Hourly power consumption by the electrolyzer versus PV power available, first week in
January, 750kW and 1000kW PEMWE.

As the stack size increases the difference in system consumption and surplus energy be-

comes less significant. Although the 1 000kW modules maximum system range (1 150kW)

is above the PV-systems nominal power of 1 000kWp. The yearly consumption, surplus

energy and energy loss for the evaluated capacities can be seen in table 13.2.
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Table 13.2: First year hydrogen electrolyzer system consumption and solar surplus energy, PEMWE.

Stack size System consumption Surplus energy Energy loss

[kW] [MWh] [MWh] [%]

250 1002.3 1235.1 55.2

500 1760.0 477.4 21.3

750 2186.8 50.7 2.3

1000 2201.5 36.0 1.6

By comparing the first year system consumption to the capacity of the electrolyzer (24h/day),

the 250 kW module consumes 39.8% of its available capacity. The capacity loss increases

with increasing stack size. The yearly production time for the different stack sizes de-

creases due to the system range seen in table 13.1. All values is presented in table 13.3.

Table 13.3: First year performance, in terms of capacity, capacity loss and up time, PEMWE.

Stack size Electrolyzer capacity a Capacity loss b Operational hours c

[kW] [MWh] [%] [h/year]

250 2518.5 60.2 3841 (95.5%)

500 5037.0 65.1 3706 (92.1%)

750 7555.5 71.1 3582 (89.0%)

1000 10074.0 78.2 3475 (86.4%)
a Maximum system power consumption limit multiplied with 8760 [h/year]
b System consumption in table 13.2 compared to the full capacity of the electrolyzer stack size.
c Percent value is production time compared to the available power produced by PV (4023 hours 1st
year).

13.2 Hydrogen Production

Hydrogen production fluctuates close to the same manner as the PV-power production.

The deviations from the power production is due to the power needed for the support

equipment and compression. With the 250 and 500 kW stack, the hydrogen production is

relatively stable, as seen in figure 13.5.
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Fluctuation is expected due to the highly variable power input. As the stack size in-

creases to 750 and 1000 kW, the hydrogen production becomes rather unstable. The dif-

ference between the 750 and 1 000 kW electrolyzer is hardly noticeable, as seen in figure

13.6. In figure 13.7 the monthly production from the different electrolyzers is compared.
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Figure 13.5: Daily hydrogen production the first year, 250kW and 500kW, PEMWE.
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Figure 13.6: Daily hydrogen production the first year, 750kW and 1000kW, PEMWE.
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Figure 13.7: Monthly hydrogen production, the first year, PEMWE.

The 250, 500 and 750kW stacks reaches the maximum hydrogen production potential.

The 1000kW stack only reaches a production of 15.8 kg H2/h, the maximum potential

production is 18.2kg kg 2/h. The difference in production is largest between 250 and

500kW, and the increase in production seems to taper off after the 750kW stack size. Ta-

ble 13.4 shows the first year production for both the PV-hydrogen system and the pro-

duction capacity electrolyzer system.
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Table 13.4: First year hydrogen production, PEMWE.

Stack size Max production Productionb Production capacityc

[kW] [kg H2/h] [Nm3 H2/h] [kg H2 /year] [kg H2 /year]

250 4.6 50.6 15 692 40 296

500 9.1 101.1 27 266 79 716

750 13.6 151.7 33 324 119 136

1000 15.8 a 175.5 32 357 159 432
a Maximum production potential for a 1000kW stack is 18.2kg H2/h or 202.2 Nm3/h.
b Hydrogen production from the PV-module.
c Max production 8 760 hour/year.

The hydrogen production declines due to degradation from both the cell stack and the

PV-system, the effect of degradation is presented in figure 13.8. The calculated lifetime of

a PEMWE is about 5 years of operation (≈ 20 000 hours), which equates to about 20%

degradation [92]. The time before a stack is replaced is approximately 5 years, as seen in

13.8.
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Figure 13.8: Hydrogen production over 25 years, PEMWE. The production fluctuation is due to mem-
brane degradation and replacement.

After 5 years the 250, 500, 750 and 1000kW stacks is sub 20% as presented in table 13.5.
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Table 13.5: Hydrogen production and stack degradation over 25 years, PEMWE.

Stack size [kW] 25 Year Production [kg] Stack degradationa [%]

250 363 671 19.15 ± 0.5

500 625 555 18.40 ±1.0

750 736 251 17.75 ± 1.5

1000 705 463 17.15 ± 1.5
a Degradation after 5 years (20% degradation ≈ 20 000 operational hours).

13.3 Hydrogen Compression and Storage

NEL suggested that a storage capacity of seven days, before further transportation would

be reasonable to assume, and that using tanks that could hold 120 kg of hydrogen at 300

bar. The number of tanks is based on the maximum hydrogen mass, produced with a

seven day interval over the first year, using values from figure 13.9. The total number of

tanks with this capacity is presented in table 13.6.

By compressing hydrogen from 1 to 300 bar, the compressor size was considered to be

5% of the electrolyzer stack size, this was given by Norconsults supervisor. Values is pre-

sented in table 13.6.
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Figure 13.9: Hydrogen production the first year, with a weekly interval, PEMWE.
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Table 13.6: Compressor and tank size for each evaluated stack size, PEMWE.

Stack size [kW] Compressor size [kW] Mass [kg H2] Number of tanksa

250 12.5 368.0 3.1 ≈ 4

500 25.0 665.0 5.5 ≈ 6

750 37.5 892.0 7.4 ≈ 8

1000 50.0 896.0 7.5 ≈ 8
a Roundup value.

13.4 Economics

For the system including the PV, PEMWE, compression, and storage, the CAPEX was

found to range from 3.28 - 4.70 million USD. OPEX for the PV-system was assumed to

be 0.8% of its OPEX based on literature. OPEX for the PEMWE system was estimated

to be 2.5% of its CAPEX. With a discount rate of 5%. The calculated values is presented

in table 13.7.

Table 13.7: Total CAPEX and OPEX, and the LCOE including the PV-system with tracking and
PEMWE.

Stack size [kW] CAPEX [USD] OPEX [USD/year] LCOE [USD/kg H2]

250 3 284 623 47 008 21.3

500 3 879 425 54 909 14.7

750 4 381 313 62 811 14.0

1000 4 697 370 70 712 16.0

In figure 13.10 the accumulated cost of the total system over 25 years, using a 750 kW

PEMWE is shown. The accumulated cost is presented by the blue line and is increasing

due to O&M and stack replacement. The other lines represent the accumulated income

generated by hydrogen sales. Only the 15 USD/kg H2 is economically feasible, and the

sufficient income will be generated after ≈ 20 years. The other hydrogen values will no

generate enough income to make the project economical sustainable during the 25 year

project time.
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Figure 13.10: The accumulated system cost and income for variable hydrogen prices, PEMWE.
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14 Surplus Energy

In this section, the amount of surplus energy from the Matlab calculations will be pre-

sented. How an ideal storage system will affect hydrogen production and the investment

cost regarding storage of the surplus energy for an AWE will be presented.

The surplus energy produced each day is highly variable due to climatic conditions affect-

ing the PV-plant output. Figure 14.1 and 14.2 shows the surplus energy produced each

day throughout the year.
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Figure 14.1: Daily surplus energy, 250 kW and 500 kW, AWE.
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Figure 14.2: Daily surplus energy, 750 kW and 1000 kW, AWE.

Table 14.1 shows a comparison of how much surplus energy each cell stack will have, and

maximum daily surplus energy.

Table 14.1: Surplus energy of the system, relative to the electrolyzer stack size, AWE.

Stack size Mean surplus energy Maximum surplus energy

[kW] [kWh/day] [kWh/day]

250 3 404.7 7 118.6

500 1 377.8 3 956.1

750 305.0 1 481.3

1 000 367.3 2 242.8
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14.1 Ideal Energy Storage

Figure 14.3 shows the energy consumption with an ideal secondary energy storage system

for the 250 and 500kW stack size. The 750 and 1000kW stack plot is not presented as the

energy loss is assumed to be insignificant.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

2000

4000

6000

8000

10000

12000

E
n

e
rg

y
 [

k
W

h
]

500 kW 250 kW

Figure 14.3: Energy consumption with an ideal secondary energy storage system, 250 kW & 500 kW,
AWE.

Figure 14.4 shows the variation in power consumption throughout the 1st week in Jan-

uary with an ideal ESS.
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Figure 14.4: Hourly power consumption with an ideal secondary energy storage system. First week in
January, 250 kW & 500 kW, AWE.

Table 14.2 shows the increase in hydrogen production with an additional Ideal ESS (100%

efficiency and unlimited capacity).
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Table 14.2: Hydrogen production with an Ideal Energy Storage System, AWE.

Stack size Production with ESS Increased H2 production Operational time

[kW] [kg H2] [%] [h/year]

250 39 639 125.1 7 882

500 39 433 29.1 4 382

750 39 006 5.0 3 447

1000 38 125 5.9 3 293

14.2 Economics

Table 14.3 shows the cost to store the maximum surplus energy from table 14.1, with dif-

ferent storage systems. The cost per kWh for batteries is from table 6.1, the average price

for an installed system is used in the calculations (500 USD/kWh for lead acid and 2125

USD/kWh for Lithium Ion). The cost per kWh for mechanical storage is from table 6.2,

and the Median Energy CAPEX value is used.

Table 14.3: The CAPEX for an additional energy storage system to store the maximum surplus energy
for different stack sizes, values in USD.

250 kW 500 kW 750 kW 1000 kW

Lead acid 3 559 300 1 978 050 740 650 1 121 400

Lithium ion 15 127 025 8 406 713 3 147 763 4 765 950

PHS 234 914 130 551 48 883 74 012

CAES 84 569 46 998 17 598 26 644

FES 6 406 740 3 560 490 1 333 170 2 018 520
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Discussion

This segment provides the final analysis of the obtained results and discusses which fac-

tors will affect the feasibility of the project. The thesis main goal is to examine the fea-

sibility of producing hydrogen from a 1 MW PV-system, in Zambia. The practical chal-

lenges regarding implementing such technologies in the region will be taken into consider-

ation.

15 Zambia

The Zambian economy is quite vulnerable to fluctuations in international copper prices.

This is because approximately three-quarters of the national export product is copper.

Investment in a hydrogen infrastructure could help strengthen the economy and make it

more flexible. Hydrogen as a resource can be used in multiple areas such as fuel in the

transport sector, as a chemical component in the industry, and the storage medium in the

power sector. The investment in hydrogen infrastructure could contribute to increased

international trading, job creation and electrification.

The current power sector in Zambia is highly dependent on the seasonal rainfall in the

region, due to the reliance on the installed hydropower capacity. Diversification of the

energy sources could help strengthen the energy sector. This could lead to reduced loss

associated with load shedding and energy shortage in the industry. Flexible energy stor-

age, such as hydrogen, could be a viable alternative to assist in the electrification of the

nation.

Grid connection is usually considered the most reliable power supply available in the in-

dustrialized world, this is due to frequency regulation and the potential of diversified en-

ergy sources available. This might not be the case in Zambia. Where load-shedding is a

major tool to combat energy shortage. Places where a steady power supply is critical,

diesel generators often supply the remaining energy demand. Alternative energy sources

could be implemented, to increase reliable access to electricity.
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The electrification of the rural population in Zambia is demanding. The majority of the

population does not have access to electricity. The existing grid in large parts of the re-

gion is also lackluster, especially in rural areas. The pre-existing road infrastructure is

not well suited to support electric expansion in large parts of the nation either. The in-

vestment capital to expand and improve the transmission grid is lacking, especially in the

public sector, where foreign debt is a major issue.

The current expansion in the transmission is happening in the north-south corridor through

Zambia, where the southern hydro capacity is connected to the main mining industry

load in the north. This expansion is heavily incentivized due to the increased demand

for power from the mining industry. The corridor already has a high-voltage transmission

and with acceptable road connectivity.

In many cases, despite high investment costs, grid connections could be favorable, Due

to high capacity, flexibility, and longevity. In regions where the transmission is lackluster

or non-existing, alternatives could be considered. Off-grid facilities that could function

as micro-grids for small cities or villages could eliminate the need for new or upgrading

existing transmission lines.

16 Photovoltaics

PV is regarded as an established technology and is deployed to residential, commercial

and utility scale. The Zambian power industry is already investing in multiple large scale

PV-plants, where multiple international actors are involved. This provides a promising

outlook when considering future PV-facilities in the region. The Zambian government has

also proclaimed PV-development to be a focus of attention in the energy sector, to help

combat the current energy shortage in the region.
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The solar irradiation in Zambia is high, because of the position relative to the equator.

The climatic drawbacks of the region are the high average temperature and the rain sea-

son, these factors could lead to a loss in efficiency. Although the temperature is high, it

is still inside the acceptable range for solar-modules. It was not considered necessary to

have any additional cooling system for the PV-system, but it could prove to be beneficial

by increasing the efficiency.

The main concerns when choosing the PV-modules are price, efficiency, and reliability.

The most common technology deployed in the industry is crystalline silicon. This is be-

cause of higher efficiency and longevity compared to e.g. thin film. Which are two impor-

tant criteria for this study. The experience in the field makes the technology relatively

easy to implement compared to hydrogen electrolysis.

According to ZESCO, the acquisition of land is not an issue in Zambia. This impres-

sion was further solidified after the field trip and the literature review. Because of the

population- and elevation distribution, large areas of grassland remain unused. These ar-

eas could be used for large scale PV-facilities in the future.

This is the main reason for choosing a poly-crystalline module instead of a mono-crystalline.

Poly-crystalline has lower efficiency per m2 but is cheaper, which would lead to an over-

all lower investment cost. The module chosen for the simulations is the CS3U-345P-FG,

from Canadian Solar Inc, due to having a high power output and considered to be a reli-

able module, with a 30-year warranty.
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16.1 Inverter

Choosing the correct inverter/converter for the PV-system was not emphasized due to

the scope of this project. PVsyst has a function for simulating an off-grid DC PV-system,

but due to a software error, this was not possible. The simulation is therefore conducted

with two 500 kW generic DC/AC inverters from the PVsyst database. Some research in-

dicated that the efficiency difference between the DC/AC inverter and DC/DC converter

is not substantial ( ≈5%) at max load. Similarities in the transient characteristics are

also present. From this, an assumption is made that this did not have a substantial im-

pact on the final results of either cost or power production. From the literature review, it

is found that a DC/DC converter with an MPPT is a preferable choice.

16.2 Fixed Tilt and Tracked Configuration

The main differences between fixed tilted and a single-axis tracking system are the in-

crease in annual energy output from the PV and the cost associated. A tracking system

with a range of ± 60 ° in the north-south axis and a fixed tilt of 18° in the east-west axis,

increases the 1st year energy production by 28.6% compared to only having a fixed tilt

of 18°in the east-west axis. The tracking system also contributes to stabilizing the power

output and achieving higher power output in the early mornings and late evenings. This

is preferable when having a load that demands continuous supply to function optimally.

The PVsyst simulation did not take into account the shading effect on nearby PV-panels.

This is solved by calculating the shading effect a module had, and increase the total area

accordingly.

For the fixed tilt a 5.2% increase of the area in the north-south direction with equal spac-

ing between the PV-panels would be sufficient to ensure that the panels would stay clear

of the shading. Although it would be preferable to adjust the fixed tilted angle approxi-

mately 2-4 times a year to maximize the power output and minimize the land coverage,

due to the zenith angle changes throughout the year. This adjustment has not been taken

into account in the simulation or analysis.
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For the single axis tracking system a 110.4% total increase in area and an equal spacing

between the rows in east-west direction is deemed to be sufficient to prevent shading on

nearby modules. The shading that occurs at early mornings and late evenings will affect

the power output of the PV-plant, as the tracking stops at ±60° and the sun has a the-

oretical positioning of ±90°. This shading has not been taken into consideration in the

simulations. Therefore the realistic output is most likely lower than the simulated result.

The increase in the total occupied area for the tracking system is deemed acceptable. The

geographic conditions coupled with a relative large urbanization percentage in Zambia

results in large uncultivated areas that are suitable for hosting large scale PV-plants.

16.3 PV Economics

The production cost of PV-modules has been steadily decreasing in the later years and

this trend is likely to continue. Increased attention towards the technology will contribute

to the increase in development and competition, which could help drive the prices further

down.

The total CAPEX in USD/W DC for the PV-system is obtained from NRELs ”U.S So-

lar Photovoltaic System Cost Benchmark: Q1 2017”. The cost of a 1 MW PV-system is

extrapolated to 1.5 USD/W DC and 1.62 USD/W DC respectively for fixed tilt and with

a tracking configuration. By considering the extrapolation and regional dependency, the

CAPEX can be expected to deviate from the prices in Zambia.

According to Hilton M. Fulele, from the Copperbelt Energy Corporation, the 1 MW PV-

plant constructed in Kitwe, has an estimated CAPEX of 1.3 million USD, and that fu-

ture project could have a CAPEX of 1.1 million USD, due to improved logistics. Other

than the nominal output, system specifics of the facility that Mr. Fulele referred to, is

unknown. The CAPEX used in the thesis analysis is substantially higher, at 1.5 million

USD for fixed tilt and 1.62 million USD for tracked configuration. A lower overall system

cost will contribute to the economical feasibility of a PV-hydrogen system.

The increase in CAPEX for a tracked configuration relative to only having a fixed tilt is
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found to be 8%. Due to the cost and maintenance of the mounting and gear system, the

OPEX of a tracked configuration is also higher, this is not takin into consideration in the

thesis. The results showed that a tracking system is preferable due to the lower LCOE.

Tracked configuration resulted in 0.060 USD/kWh, compared to the fixed tilted system at

0.072 USD/kWh. The overall cost per kWh decreases with approximately 15.3% the first

year when choosing a tracked configuration rather than fixed tilt only.

17 Electrolyzer Module

Values for the electrolyzer modules in this thesis are based on NELs M-series (PEMWE)

and A-series (AWE). The results indicates that the A-series is the better option, due to

higher efficiency and lower overall system cost.

17.1 Electrolyzer Technology

In a situation where the amount of power will fluctuate predictably on a day/night cycle,

and an electrolysis cell will have to be turned off daily, a high-temperature electrolyzer

would not be optimal. The amount of energy and time used to re-heat a SOWE or MCWE

daily would be detrimental for the overall efficiency of the facility. These types of elec-

trolyzer cells will also have to be closely monitored due to the high operating tempera-

tures, which would increase the OPEX. If the heat is supplied by heat-intensive indus-

tries, the high-temperature cell could prove to be a viable option, due to the high overall

efficiency that could be achieved.

Another challenge is the quick changes in power output from an intermittent energy source.

This is problematic due to the fluctuations of the cell-voltage in the electrolyzer cell. If

there are no modifications done to the system, a PEMWE would be better suited. Due to

the membrane in a PEMWE limits gas-crossover which can occur with rapid voltage fluc-

tuations. There is also no delay due to inertia, as it would be with a liquid electrolyte.
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These short-term fluctuations could most likely be mitigated through quick responsive

small scale storage, such as batteries or flywheels. This storage system would only be re-

sponsible for supplying power in the amount of time these fluctuations occur, with the

main purpose to avoid unnecessary stress on the electrolyzer.

The main differences between an AWE and a PEMWE cell can be summarized in three

parameters: cost, efficiency, and flexibility. PEMWE is more expensive due to the mate-

rial used in the membrane, and has lower efficiency, but is more flexible due to the de-

sign. The opposite is true for an AWE. The choice between the modules is, therefore,

a choice between the amount of hydrogen produces and the investment cost of the cell.

Even though the PEMWE utilizes more of the solar power and has a wider system range,

the AWE produces more hydrogen due to higher efficiency. The results indicated that

AWE will be the better choice, due to lower overall system cost and higher efficiency. The

design advantages with PEMWE has not been taken into consideration in the simula-

tions.

17.2 Electrolyzer Stack Size

The main problem with an electrolyzer that is only supplied with electricity from a solar

cell, is the fluctuating power-input. Electrolyzer-modules functions best with a continuous

and stable electricity supply. Rapid fluctuations will result in deterioration of the elec-

trolyte and electrodes. The day/night cycle will result in sub-optimal power input during

the day and daily start/stop of the electrolyzer. This means low yearly hydrogen produc-

tion, and loss associated with reheating the electrolyte.

Another problem is the surplus energy generated when the electrolyzer stack size is be-

low the power output of the PV-plant. The surplus energy could either be considered as

100% loss, stored in short-term ESS, stored in long-term ESS or be sold directly to the

transmission grid, if available. Additional short-term and long-term energy storage tech-

nologies could be considered, to shift the surplus solar energy into periods where there is

possible to produce hydrogen. This will enable the electrolyzer to produce more hydrogen

but will increase the overall system cost.
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The cost of an electrolyzer will increase with size, as seen in table 12.7 and 13.7. For both

AWE and PEMWE, the same trend in stack size and associated hydrogen production is

the same.

As the stack size increases the difference between the PV-power output and the energy

demand of the electrolyzer decreases. Because of this, the fluctuations in hydrogen pro-

duction increases with the stack size. The highly variable power input could result in un-

dermining the structural integrity of the electrolyzer. Even though the effect of a highly

variable power input has not been taken to into consideration, it is worth noting for an

extended continuation of this thesis.

The smaller stack sizes have a more stable hydrogen production compared to the larger

stack sizes, due to the electrolyzer system range is within the PV-output more of the

time. Despite having an unstable hydrogen production, the bigger stack sizes produce

more hydrogen, due to the wider system range. The upper system range limit for the

1000 kW stack, exceeds the nominal power output of the PV system, which indicates

that a 1000kW electrolyzer is oversized for a 1000 kW PV-plant. The results support this

since the 750kW stack produced more hydrogen than the 1000kW stack in the Matlab

calculations.

The operational time of the electrolyzer decreases when the stack size increases. This is

because the lower system range limit increases, resulting in less time where the system

is able to produce hydrogen. This reduces stack degradation in the simulations since the

degradation rate is based on operational time.

Although the energy consumption is highly variable on a daily basis, the 750 kW pro-

duces the most hydrogen of the evaluated stack sizes. The PV output is mostly within

the system range, which results in the least loss of surplus energy. This system is far from

optimal, compared to the potential hydrogen production from the electrolyzer stack size.
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17.3 Electrolyzer Degradation

The degradation has not been thoroughly investigated due to the scope of this thesis.

The impact of the variable power input, temperature fluctuations and the degradation

on standby has on the cell stack is not simulated. Instead, the degradation is assumed to

have a linear relationship over the operational lifetime that is selected for the AWE and

PEMWE.

The AWE stack is found to have a lifetime of approximately 87 600 hours (10 years) of

continuous operation before replacement. Due to the intermittent power supply, the dif-

ferent AWE electrolyzers reach 20% degradation after approximately 25 years. The 250

kW stack exceeded the 20% limit (20.9%), but the larger stacks are still below 20% at the

end of the 25 evaluated years. Replacement of the 250 kW AWE stack is deemed to be

unreasonable economically, so close to decommissioning.

PEMWE is found to have a lifetime of approximately 20 000 hours (≈ 2.3 years) of con-

tinuous operation, which is substantially lower than the AWE. After reaching 20 000

hours of continuous operation, it is assumed that the degradation is 20% for the PEMWE.

In the simulations, a 5-year interval before replacement is assumed, due to simplicity.

However the degradation is found to vary more dependent on stack size than assumed,

and none of the stack sizes reached 20% degradation before replacement. A more precise

replacement time could have positively affected the economic feasibility.

It is difficult to predict the lifetime of a cell stack, as the estimated lifetime is often given

in wide intervals and deviate between different sources. The stack should preferably be

replaced when the loss in income exceeds the cost of a new stack, this would be closely

monitored in an actual system. Finding a reliable source where the electrolyzer had been

supplied from a variable power input at this scale is without success, and should get more

attention in a potential future project.
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17.4 Hydrogen Transformation and storage

This thesis includes different hydrogen transformation and storage methods, including

compression, liquefaction, metal hydride absorption, and chemical conversion. Only me-

chanical compression is analyzed due to this was deemed to be the most cost-effective

option.

Hydrogen electrolysis delivers hydrogen in a gaseous state, with low volumetric energy

density compared to other fuels. For any practical application, it is necessary to increase

the volumetric energy density.

Mechanical compression is a well tested, common technology that is widely used for mul-

tiple applications. For stationary storage and on-site usage, compression is often deployed

due to volume constraints not being the limiting factor. Pressurized hydrogen can be

stored for long periods, and has a negligible self-discharge. For this scale and situation,

compression and pressurized storage seem to be the best option.

Liquid hydrogen has a high energy density volumetrically (≈ 70 kg/Nm3). The method is

generally deployed where there are volumetric constraints or the end-user requires liquid

hydrogen. Liquid storage is considered unfit for a system that is only being supplied by

an intermittent energy source. Liquid hydrogen transformation and storage do not justify

the increased investment in both cost and energy expenditure for this particular system.

There are also multiple challenges associated with long term liquid hydrogen storage, es-

pecially the boil-off, which reduces the overall efficiency of the process significantly.

Metal hydride storage is a promising candidate for future commercial hydrogen storage.

This is due to the safety advantage and high volumetric energy density. The long absorp-

tion time is not ideal when having a high production rate. This mismatch between stor-

age time and production rate will lead to the need for either additional hydrogen storage

or solar energy storage. Metal hydride will most likely not be an ideal option for hydro-

gen storage at the production site. The high system weight is most likely not a major

problem regarding stationary storage, but the high CAPEX would not justify the invest-

ment.
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Hydrogen used as a chemical component is the most common way of handling hydrogen

today. Compounds that carry hydrogen is therefore well known in the hydrogen industry.

These compounds usually have a high volumetric hydrogen density.

Producing pure hydrogen from electrolysis and binding it with other compounds for ei-

ther transport purposes or as a chemical compound is an interesting opportunity. The

process plant that is required to do such a conversion safely on a large scale is however

costly. Where existing infrastructure that handles these hydrogen carrying compounds

(ammonia, methane) is present, this could be a relatively cost-effective and safe method

to distribute and handle large scale hydrogen production.

From the literature review and conversation with NEL, compression storage seemed to

be the most fitting option for this system. Liquefaction of hydrogen would most likely

require a substantial amount of energy from the PV, and therefore limit the hydrogen

production rate. Metal hydride is assumed to be too expensive and ill-suited to store the

volume of hydrogen produced. Chemical conversion is probably not a cost-effective option

for this facility, due to the scale and additional investment cost associated. The storage

option selected is based on price, efficiency, and simplicity. Hydrogen compressed to 300

bar and stored in steel tanks is deemed to be the cheapest practical alternative available.

A generic mechanical compressor that could handle compression from 0 to 300 bar is cho-

sen, based on recommendations from the industry.

18 Surplus Energy Storage System

The following section will evaluate the feasibility of an additional energy storage system

for the PV-Hydrogen system.

Due to the surplus energy generated and the power fluctuations produced by the PV-

Hydrogen system. The power production does not follow an ideal consumption pattern

for the electrolyzer. The function of a secondary energy storage system is to shift the sur-

plus energy into periods where the electrolyzer can produce hydrogen or to mitigate rapid

power fluctuations.
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With an ideal energy storage system, the increase in hydrogen production is substantial

for the 250 kW stack size. The hydrogen output increased by 123.1% by taking advan-

tage of the surplus PV-energy. It is also worth noting that operational time increased

from 3 706 to 7 882 hours per year. To invest in an additional energy storage system

for the smaller stack sizes could be cost-effective if the gain in hydrogen production out-

weighs the increased cost. It is worth emphasizing that the results are for an ideal energy

storage system. A realistic storage system will have efficiency loss related to the storage

cycle.

The alternative energy storage system evaluated in the thesis is divided into two groups,

batteries, and mechanical storage. The batteries evaluated are Lead Acid and Lithium-

Ion batteries. Mechanical energy storage consists of Pumped Hydroelectric Storage (PHS),

Compressed Air Energy Storage (CAES) and Flywheel Energy Storage (FES).

The most important parameters considered in the thesis regarding an additional energy

storage system that is going to be compatible with the PV-Hydrogen system are response

time, cost/kWh and efficiency.

18.1 Battery Energy Storage System

Batteries are suitable for the PV-Hydrogen system in many aspects; they have fast re-

sponse time, low self-discharge rate and high efficiency. This makes them ideal to miti-

gate the rapid fluctuations in power output from the PV. A stable power input could help

decrease the degradation of the electrolyzer.

The investment cost associated with the battery capacity required to shift the surplus

energy generated is substantial. The investment cost seems to outweigh the income that

could be generated by the additional hydrogen produced.

124



18. Surplus Energy Storage System

18.2 Pumped Hydroelectric Storage

PHS is relatively cost-effective compared to the other storage systems, especially batteries

and flywheel energy storage. It is an interesting option in Zambia, due to the number of

hydroelectric power plants installed. If there are areas where the geographical conditions

are met for PHS, this could be an interesting way of utilizing and optimizing the nation’s

hydropower. Reliability, flexibility and low cost of storing a large amount of energy are

some of the reasons why this is an attractive option for optimizing the PV-Hydrogen Sys-

tem. The PHS can shift the surplus energy into periods when PV-energy is unavailable or

the system range is not optimal for the input.

The construction of new PHS-systems is often associated with high investment costs. The

geographical conditions must be met for these projects to economical feasible, large scale

transmission lines might have to be built, agriculture and environmental impacts needs

to be accounted for. The cost of constructing a new PHS-system for the sole purpose of

optimizing the PV-Hydrogen system is difficult to justify. Especially on the system scale

relevant in this thesis.

If there is a pre-existing, large scale PHS-facility available, an additional PV-Hydrogen

system could be an interesting hybrid solution.

18.3 Compressed Air Energy Storage

The optimization of the PV-Hydrogen system could be feasible with CAES. Due to the

fast response time, scalability and low self-discharge rate. If pre-existing underground

areas are available, this system could have a low environmental impact and overall invest-

ment cost.

CAES is suitable for both large- and small-scale energy storage. Smaller systems (<100kW)

are more flexible than large scale systems, due to the utilization of pressure tanks, which

are not geographic dependable. Large scale systems require increased storage volumes,

such as underground caverns, to be practical and economically feasible.
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There are multiple requirements for underground caverns to be suitable for energy stor-

age: sufficient volume, minimal leakage and ability to handle thermal stress. These con-

ditions have to be met and will limit the locations where a CAES-system can be imple-

mented. The research of suitable CAES locations in Zambia has not been conducted due

to the scope of this thesis.

18.4 Flywheel Energy Storage

An FES-system could be suitable for mitigating the rapid fluctuations in power output

from the PV to the electrolyzer. This is due to the high efficiency for short duration stor-

age, low response time, and high capacity. The FES-system can also be located indepen-

dent of geographical conditions. Safety risks associated with the amount of kinetic energy

that could be released due to shattering is something that must be taken into considera-

tion when implementing the system.

The high self-discharge rate and investment cost are factors that make FES less suited for

shifting the surplus energy produced by the PV-Hydrogen system. The gain in increased

hydrogen production is most likely less than the additional capital cost of the total sys-

tem.

19 System Economics

In the current economic and political landscape in Zambia, there are many challenges to

face. Fortunately, a large part of the international community is committed to the devel-

opment and implementation of renewable energy. This could help projects that would not

be economically feasible in the short to medium term, to receive subsidies and be real-

ized.
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19. System Economics

The prices given by NEL is a rough estimate, and the price of an electrolyzer will vary

dependent on the region, energy source, scale, and production requirement. In this thesis,

the overnight investment cost for this particular system scale and production is taken into

account. By increasing the system scale, the overall cost per unit produced would most

likely decrease due to the economy of scale.

The CAPEX for an electrolyzer module is quite high, but it is expected to decrease in

the following years. The need for energy storage and more research and development in

the field could make hydrogen as an energy storage alternative more economically attrac-

tive in the future. According to NEL, due to highly tailored production methods today,

standardized mass production of electrolyzers in the future, could decrease the cost of a

module by 30% alone.

The LCoE calculation for the PV-Hydrogen system is found to vary, due to the mismatch

between power output from the PV and the electrolyzer system input. For the 250 kW

stack size, the PV-system seemed to be over-dimensioned, which results in a relatively

stable hourly/daily hydrogen production, but a large surplus energy quantity, this results

in the highest LCoE for all of the calculated stack sizes. By increasing the stack sizes,

the LCoE decreased up to the 750 kW stack size. The 1000 kW stack is calculated to

have a higher LCoE compared to 750 kW, due to lower hydrogen production and higher

CAPEX.

PEMWE has a significantly higher LCoE than AWE for all the evaluated stack sizes, due

to the higher CAPEX and lower efficiency relative to AWE. This could indicate that the

electrolyzer stack size should be in the vicinity of 750 kW, for an off-grid PV-system with

the selected configuration in this thesis, and that an AWE could be the optimal technol-

ogy.

The payback time of approximately 11 years for the 750 kW AWE electrolyzer, is based

on the assumption that the hydrogen could be sold for 15 USD/kg. The hydrogen price

is based on the equivalent fuel price for driving an FCEV and CGV in Zambia. However,

the current investment cost for an FCEV could be higher than for a CGV, which would

have to be taken into account when considering investing in a hydrogen vehicle.
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20 Assumptions and Limitations

In the final economical analysis, it is assumed that 100% of the hydrogen is sold. This as-

sumption is made to see the possible amount of income that could be generated by the

hydrogen produced. In reality, this number would most likely be lower, and the market

price of hydrogen could fluctuate. The marked price fluctuations could both be benefi-

cial and unfavorable for the economic sustainability of the project. The hydrogen prices

do not include the additional cost associated with transportation and distribution of the

hydrogen. Which would most likely increase the overall cost for the end consumer.

The calculations are based on stack size and the DC power consumption from NELs datasheet

for the A-series and the M-series. The calculated values deviate from the numerical indi-

cations of the specific modules. The output in Nm3 H2/h from the 500 kW AWE used in

the simulations is slightly higher than it would be for an A100. Since the price estimate

from NEL is a rough estimated value, this deviation is deemed to be insignificant, and

therefore would not affect the final economic analysis.

The cost for the 250 and 750 kW stack size was not specified by NEL and is acquired by

interpolation and extrapolation. These values is deemed to be an acceptable approxima-

tion since it was stated that the stack size where upgradeable in 250 kW increments.

The complete system LCoE calculation is limited to 25 years. As the PV-module has a

30 year warranty a mismatch between the PV and electrolyzer module is unavoidable,

to make up for this mismatch the systems residual value should have been subtracted

from the CAPEX, with a present value at the end of the 25th year. There is not found

any way to determine the residual value of a PV system in Zambia, therefore the residual

value is assumed to cover the decommissioning cost.
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20. Assumptions and Limitations

Since the PEMWE has a significantly higher CAPEX than the AWE, approximately

32-50% higher, dependent on the electrolyzer capacity. This directly impacts the elec-

trolyzer OPEX, since it is directly calculated from the electrolyzer CAPEX. The elec-

trolyzer OPEX is also expected to cover the O&M cost of the storage tanks. These esti-

mates is based on correspondence with Norconsult for the AWE 500 kW and assumed to

be true for the economic calculations of all stack sizes, for both AWE and PEMWE. This

adds to the inaccuracy of the analysis.

The increased CAPEX of the PEMWE is mainly due to the rare earth metals used in the

PEMWE stack. The accumulated cost of the PEMWE increases throughout the 25 years,

due to the relatively low life of the PEMWE stack. The expected lifetime of the stack is

calculated from the operational hours per year with an estimated linear characteristic.

Degradation at the 25th year varies between the stack sizes, due to the difference in op-

erational hours. The degradation at standby has not been taken into consideration due

to the scope of this project. The degradation rate could be higher, due to corrosion at

standby and the fluctuating power input.

A stack should realistically be replaced when the loss of income exceeds the cost of a

new stack. This economic evaluation has not been considered, due to the lack of an es-

tablished hydrogen infrastructure and hydrogen market price in Zambia. This particular

analysis is therefore considered outside the scope of this thesis.

Estimated CAPEX given by NEL for the electrolyzer modules includes a compressor.

The compressor cost is a fixed amount (≈ 115 000 USD) and is added to the price esti-

mate for all of the electrolyzers. In reality, as the hydrogen production rate increases/decreases

the compressor capacity and cost will vary. This is not taken into account as the CAPEX

given for the electrolyzer and compressor is already a rough estimate.

The O&M cost is based on the CAPEX and is a fixed amount. The increase in O&M cost

throughout the years due to increased wear and tear has not been taken into considera-

tion. In reality, the stress on the system will accumulate and different components will

most likely need replacement or more maintenance over its lifetime.

Any additional lye cost is not considered in the analysis. This is due to the assumption

that the cost related to lye is included in the OPEX of the AWE.
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Additional cost regarding the feed water and cooling system has not been taken into ac-

count, due to the scope of this thesis. The cost regarding this will be highly regional de-

pendent.

Downtime due to maintenance is not expected to affect the production hours, due to the

intermittent energy source leaves a maintenance window during the night. If prolonged

maintenance is required, this would negatively affect the overall hydrogen production.

Storage systems come in a wide range of capabilities, price, and appliances. The large

intervals they often are depicted in, make a comparison of storage methods difficult. This

results in an inaccurate CAPEX calculation. The values calculated in the result section

are therefore used for a rough comparison only.

During the literature review and field trip, the attempt was made to get information

about the transmission and electricity consumption pattern in the region. The companies

and government agencies in Zambia were reluctant to share this information. Therefore

the simulations and calculations is done without considering this.
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20. Assumptions and Limitations

Conclusion

The energy sector in Zambia is heavily reliant on hydropower to serve the energy de-

manding mining industry, which consumes over half the electricity produced in the na-

tion. Hydrogen production and storage systems, supported by PV-plants, could con-

tribute to solving the electrification and energy-related challenges in Zambia. The imple-

mentation of alternative energy production and storage capabilities would also diversify

and reinforce the current energy mixture. This thesis assessed the economic and techno-

logical aspects of implementing a hydrogen production and storage system, supported by

a 1MW PV-plant.

By simulating and examining different configurations for an off-grid 1MW PV-plant. The

conclusion is that a 750 kW AWE system is the most beneficial solution. The system has

an LCOE of 9.7 USD/kg H2 for the projected 25-year lifetime. This system would utilize

27.8% of the hydrogen production capacity.

If the power from the PV-system is fully exploited. With an ideal energy storage system,

the results indicate that the 250 kW AWE is the better choice. By fully exploiting the

power delivered from the PV, the system will utilize 88.6% of the hydrogen production

capacity.

Based on the literature review and the result analysis, the conclusion is that a PV-Hydrogen

System is technologically feasible, but not very efficient compared to the potential hydro-

gen production achievable.

Additional energy storage and power sources should be implemented to increase the to-

tal hydrogen production, and not have the system rely on a single intermittent energy

source. The PV-Hydrogen system seems to only be economically feasible for use in the

existing industry, rather than for commercial electrification. Incentives and subsidies

would contribute towards the economic feasibility for commercial use.
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21 Future Work

In the thesis description, the nominal power of the PV plant was limited to 1 MW. It

would be recommended to tailor the PV-output to fit the electrolyzer size instead. Also

emphasize the 3D-modeling of the PV-plant in PVsyst, to improve the accuracy of the

power production, due to nearby shading of the PV-module.

Research the system auxiliary components in detail and analyze how the corrosion, standby

degradation, and power fluctuation input, will impact the electrolyzer performance.

Include losses for an additional ESS in Matlab script, for an improved hydrogen produc-

tion accuracy. And evaluate the LCoE calculation with ESS costs.

It is recommended to upgrade the system scale to improve the economic factor, due to

the economics of scale.

Gain improved knowledge about Zambian incentives and subsidies, as well as for Norwe-

gian foreign investments.

Economic analysis of the potential hydrogen marked in Zambia and potential hydrogen

importers in neighboring countries.

Analyze the consumption and load pattern in the Zambian power sector.
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Figure A.1: Datasheet of the M-Series electrolyzers produced by NEL. [95]
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Figure B.1: Datasheet of the A150 and A300 A-series electrolyzer produced by NEL. [96]
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Figure C.1: The companies involved in the Southern African Power Pool. [97]
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D. Appendix: Canadian Solar datasheet

Figure D.1: Datasheet for the PV-module used in PVsyst [98]
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E Appendix: PV land coverage

Figure E.1: Land coverage due to shading from PV, made in Autocad.
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Figure F.1: DOE Technical Targets for Hydrogen Production from Electrolysis. [89]
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The conversion rates used:

1 US gallon = 3.785 Liters

1 US mile = 1.609 km

In equation G.1 the USD/km prices for driving a CGV in the USA, with the national av-

erage gasoline prices in January 2019 is described [93, 88]. In equation G.2 the USD/km

prices for driving a CGV is described for Zambia, with the national average gasoline prices

in January 2019 [94, 88].

CGV (USA) =
2.83USD/gal gas

27 mi/gal gas
=

0.75 USD/L gas

11.5km/L gas
= 0.065USD/km (G.1)

CGV (Zambia) =
6.27 USD/gal gas

27 mi/gal gas
=

1.66 USD/L gas

11.5 km/L gas
= 0.144 USD/km (G.2)

As seen in equation G.1 and G.2 the price of driving a CGV is substantial higher in Zam-

bia than the US. The fuel price when driving a FCEV in California, USA (2015) is shown

in equation G.3.[88]

FCEV (USA) =
14 USD/kg H2

66 mi/kg H2

=
14 USD/kg H2

106.2 km/kg H2

= 0.132 USD/km (G.3)

In equation G.4, the USD/km of driving a CGV in Zambia is multiplied by the km/kg H2

for a FCEV. The result is the value of hydrogen per kg, that corresponds to the gasoline

price in Zambia,

FCEV (Zambia) = 0.144 USD/km · 106.2 km/kg H2 = 15.3 USD/kg H2 (G.4)

From equation G.4 one can estimate the feasible fuel price when driving a FCEV in Zam-

bia.
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