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1. Introduction
Norrbotten County is the northernmost and largest county in Sweden covering a quarter of thecountry by area. It is further divided into 14 municipalities as represented in Figure 1, with Luleåbeing the capital of the county. The county’s rich resources like surface water, renewable potential(hydroelectricity and wind), land availability, timber and minerals (especially high-grademagnetite iron ore) have played a key role in Sweden’s industrialisation [1]. A majority of theresources are also the key inputs for green hydrogen production and are currently driving severallarge-scale green hydrogen projects in the County. Green hydrogen, produced using renewableelectricity to split water into hydrogen and oxygen, offers a clean and versatile energy carrier withits applications having the potential to span across several sectors such as hard-to-abate industries,heavy-duty transportation, heating/cooling and long-term energy storage to balance intermittentrenewable energy sources like wind and solar power. It makes for a crucial component in thetransition to a low-carbon economy as its production process generates only water and oxygen withzero direct greenhouse gas emissions.
The most prominent of them is the HYBRIT (Hydrogen breakthrough-making Technology)initiative which aims towards commercialization of fossil-free sponge iron production by utilizinggreen hydrogen as a fuel in place of the fossil-fuel-dependent BOF (Blast Oxygen Furnace) routeto reduce iron ore into the metallic form of iron [2]. The pilot project having been set up in Luleåwas commissioned in 2020 and which happens to be the world's first fossil-free steel productioninitiative and is now aiming for a large-scale production at Gallivare by 2027 [2]. Several otherprojects in the county are also in the pipeline and expected to be operationalized in the years tocome.
H2 Green Steel has initiated establishing the first fully integrated fossil-free steel production inBoden, Gallivare and is expected to commence production from 2025 onwards. Power 2 Earth is aunique project that is said to be the first industrial-scale, emission-free ammonia and fertilizer plantthat is expected to be operational in 2026 with the potential of producing 1500 tons of e-methanolper day [3]. This initiative is an international collaboration with Grupo Fertiberia's decarbonizationefforts in Spain which leverages the exceptional conditions in the Norrbotten region. The greenammonia produced thereby is expected to help the decarbonization of maritime transport, the miningsector and the fertilizer industry in Sweden. Furthermore, the Port of Luleå, ABB and Uniper plansto develop a regional hydrogen hub enabling the production of 12000 metric tons of green hydrogenannually in Luleå in order to contribute to fossil-free supply chains in the region and also to thecountry’s export [4]. Also, there are ongoing plans to establish hydrogen refuelling stations tosupport heavy road transportation. All put together, these pipelines highlight the region's significantdemand for green hydrogen and this has laid the foundation for studying the future expansion ofgreen hydrogen production in the county.
Towards this, the study aims to analyze the geographical suitability and availability of associatedresources in Norrbotten County to cater to future green hydrogen projects using a GIS-based Multi-Criteria Analysis. Considering the envisaged fossil-free transformation in the county, greenhydrogen plays a crucial role in realizing this. Therefore, the study period for assessing the greenhydrogen demand and the associated resources has been taken as 2027 – 2045 in the backdrop ofthe Swedish National Mission to achieve net zero by 2045 [5] and various de-carbonization

https://en.wikipedia.org/wiki/Hydroelectricity
https://en.wikipedia.org/wiki/Timber
https://en.wikipedia.org/wiki/Mining
https://en.wikipedia.org/wiki/Iron
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initiatives including the hard-to-abate iron and steel industry in the county which are expected tocome to fruition from 2026 or 2027 onwards.

FIGURE 3 DETAILED FLOWCHART FOR STUDY

FIGURE 1 NORRBOTTEN COUNTY DIVIDED INTO 14 MUNICIPALITIES

FIGURE 2 NORRBOTTEN COUNTY DIVIDED INTO 14 MUNICIPALITIES
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2. Literature Review
This section dives into the research's fundamental blocks, laying the groundwork for acomprehensive understanding of the study. It elucidates the core concepts that underpin the work,providing essential context and background information. By establishing this foundation, thesignificance of the study's objectives and methodologies followed by the identification of gaps incurrent research methodologies can be established and better appreciated in the following detailedanalysis and discussions.
At present, a total of 41 governments have a hydrogen strategy in place with some early moversupdating their original strategies and raising national ambitions [6]. These strategies compriseproduction, import and export plans aiming to cater to a diverse range of end-use sectors such as oilrefining, ammonia, methanol, Iron and Steel, mobility, power, grid injection, CHPs, domesticheating, biofuels, and synfuels. Towards this, water electrolysis currently plays a significant roleand has been anticipated to continue doing so given its reliance on green energy sources and usingwater with emissions limited to water vapour and oxygen only. Despite its tremendous potential,low-emission hydrogen today accounts for less than 1% of global hydrogen production and wouldpotentially need to scale up greater than 100-fold by 2030 to achieve the NZE (Net Zero) Scenario.
A clear and stable regulatory framework is key to streamlining licensing and permitting processesand enhancing coordination among the various stakeholders and authorities involved to acceleratethe development of green hydrogen projects [7]. IRENA suggests the critical role that resourceassessment plays in the development of green hydrogen projects [8]. Furthermore, they couldpotentially compel developers to align their projects with a clear and stable regulatory frameworkthereby initiating expansion efforts and facilitating smoother, faster, and more sustainable projectimplementation. Resource assessment is fundamental in this context, as it helps identify, prioritizeand evaluate the key resources by determining their availability and adequacy, thereby establishingthe associated regulation standards towards the sustainable utilization of resources that hold aninfluence over decision-making to establish green hydrogen projects.
The availability of these resources for green hydrogen production is inextricably linked to theirharnessing potential,  accessibility and distribution which are further influenced by several factorssuch as the presence of anthropogenic infrastructure including power lines, road networks,potentially large-scale natural storage facilities, demand points and spatial constraints such asproximity to restricted and residential areas. These factors can potentially ensure decisions on siteselection, resource optimization, cost efficiency, risk mitigation, environmental protection andregulatory compliance. For instance, it can be beneficial to understand the proximity to power lines,road networks, and storage facilities for the logistical planning of hydrogen production anddistribution and also to understand the zoning laws and conservation regulations to reduce the riskof legal challenges.
Several studies that exist today revolve around the assessment of natural resources that are requiredfor green hydrogen potential including renewable energy, water resources as well as the critical rawmaterials required for the manufacturing of the production technology [9]. This certainly is a criticalstep to quantify the resources. Following this, particularly in countries with ambitious targets, thenext crucial phase involves assessing and analyzing and analysing the accessibility and suitabilityof sites for implementation. Towards this, a method termed as GIS-based MCA is an important tool
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with the potential to enhance project management and site selection by visualizing, assessing andidentifying opportunities for added value [10]. Its main objective stems from the need to makegeographic and spatial information more relevant for identifying and analysing preferred spatialdata and resources for planning and management. Furthermore, factoring in a spatial perspective tomanagement and decision-making strategies and policymaking could potentially bridge the gapbetween spatially perceived and actual availability, assessment and practical utilization of theresources.
GIS enables data visualization by mapping various geographical features and urban elements andassessing the geographical features and resources based on their position on the Earth’s surface.MCA is a method for evaluating and selecting several decision alternatives based on conflicting andincommensurate criteria [11]. In a typical multi-criteria problem, one or more policy/project optionsthat hold influence over decision-making are assessed against several different choices andquantified, for which a set of criteria is identified as a fundamental step. Each of the several criteriais further weighed in comparison to the various objectives and criteria and is identified by a standardscaling system to determine the best possible alternative that further enables decision-making. Inthe context of green hydrogen production.The GIS-based MCA approach factors in several criteriathat are geographically assessed and evaluated based on prioritisation.
Several studies have been referred to gain a comprehensive understanding of the most importantcriteria consideration and the associated reasoning to cater to site selection for green hydrogenproduction in different regions globally. For example, Emmanuel [12] elucidates upon establishingthe green hydrogen production potential in South-Eastern Nigeria by wind resource availability andfurther highlight upon the utilisation of wind energy potential map on GIS for site selection.Similarly, it highlights the utilization of the solar energy potential map for site suitability assessmentof green hydrogen production. These studies use spatial data on wind speeds and solar irradiance,combined with MCA, to identify regions with the highest potential for renewable energy generationfor green hydrogen production. Furthermore, research by Stepanov et al. [13] shows the utilizationof GIS in mapping the electrical grids to identify locations for new hydrogen production facilities.It further suggests that the closer the proximity to powerlines the better the accessibility andefficiency of power transmission. Moreover, a study by the African Development Bank Group [14]emphasizes the importance of the closer proximity to freshwater sources to identify suitable sitesfor green hydrogen production near rivers and lakes. The study by Emmanuel et al. [12] furtherhighlights the importance of considering closer road proximity using GIS as that would lead towardsreduced transportation costs and improved logistics support for green hydrogen production.Furthermore, it explores the connectivity of potential sites to roads, electricity grids, and industrialzones using GIS. A study by Ali et al. [15] integrated various spatial datasets as listed, includingrestricted zones inclusive of natural reserves, national parks and other areas of national/culturalinterest to ensure that the selected sites do not overlap with conservation efforts, urban planning, ornational security interests. Lastly, demand points also play a significant role in criteria identificationand assessment for site suitability as they help determine the suitable proximity requirement andaccessibility of green hydrogen production sites to potential markets such as transportationnetworks, industrial hubs and urban areas. This has the potential to further ensure the economicviability of the projects by reducing the associated transportation costs.
Site suitability assessment for green hydrogen production involves evaluating various key criteria,which could vary significantly on a global scale. In this context, various studies highlight distinct
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combinations of these criteria. A study on the GIS-MCA decision-making approach for sitesuitability analysis for hydrogen production in the Valencian Community of Spain [16] considered11 factors which were evaluated to identify optimal areas for hydrogen generation. This study takesinto consideration energy potential from various renewables like solar and wind and alsotransmission lines to evaluate the overall renewable energy potential as well as distribution capacity.Apart from several industrial demand points such as the ceramic, fertiliser and chemical industries,the study also factors in potential demand from the transportation sector like railways, airports andseaports as they continue to rely on fossil fuels and electrification of these sectors proveschallenging. An interesting aspect of this study is that it accounts for a variety of water resourcessuch as large rivers, several lakes and dams that are suitable for water extraction. Furthermore,desalination plants are also considered as a potential source for supplying purified water forelectrolysis. All put together, a total of three potential locations were determined to further deep-dive into the resource availability surrounding the pin-pointed site.
Similarly, a site suitability analysis of solar-powered hydrogen production in the Souss-MassaRegion, Morocco [17] considered 10 factors grouped into technical and economic categories whichwere evaluated to identify optimal areas for hydrogen generation, with environmental factors set asthe constraints. Furthermore, this study factors in only the western region of Morocco, leveragingthe high solar potential for solar-based hydrogen projects. The ten criteria considered are as follows;solar potential, groundwater resources, proximity to the shoreline, slope, elevation, proximity toroads, industries, agricultural areas and power lines and lastly protected areas. It can be observed inthis study that water resources considered in this case for hydrogen production are groundwaterresources and seawater, the reason being limited rainfall harvesting due to reduced rainfall rates inthe region. The topography has also been considered in the study to identify the level of terrain fordevelopment. Interestingly the study also considers the proximity to agricultural land for potentialdistribution of nitrogen fertiliser through green ammonia. Several other studies were also referredto such as the GIS-MCA that assessed hydrogen production potential in Argentina,  based on theAtlas of Solar Energy of Argentina [18] and other proximity factors as enlisted previously.
It can be observed from the studies that a varied set of criteria have been considered towards thesame objective of site suitability assessment for green hydrogen production. The criteria have beenidentified and evaluated based on region-specific renewable potential, water availability,topography and potential demand from various industries. Therefore, it can be challenging toestablish and evaluate a pre-defined set of criteria on a global-level basis to assess potential sites forgreen hydrogen production as each region poses unique characteristics and challenges. Localregulatory frameworks, stakeholder engagement, and logistical considerations further challenge thedevelopment of a universal assessment standard.
Using the same approach, this study first aims towards identifying and evaluating several criteriathat influence green hydrogen production in The Northern County of Sweden. As established inChapter 1, several green hydrogen projects are already underway or in the pipeline in NorrbottenCounty with pre-decided locations and electrolyzer capacities. Furthermore, an increase in the greenhydrogen demand has been anticipated in Norrbotten County to cater primarily to the fossil-freeindustrial transformation, primarily the iron and steel sector [19]. Underground storage potentialhas also been envisaged to play a significant role towards the transformation. In this regard, nostudies currently exist that focus on assessing the site suitability of the region, while also accountingfor the underground storage potential. Therefore, the study aims to address this gap by evaluatingsite suitability to support the scaling up of green hydrogen projects.
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3. Research Objectives
The objective of this study is to analyze specific geographical criteria towards generating a sitesuitability map for the potential green hydrogen projects in the  Norrbotten County, Sweden. Thestudy subsequently aims to analyze in detail the availability of key resources, quantify the greenhydrogen demand in the county and establish the adequacy of resources vis-a-vis demand.
3.1 Research Questions
In line with the background presented above, the thesis work aims to answer the following criticalquestions:
1. What are the most suitable locations for establishing green hydrogen production facilities tocater to the fossil-free transformation in Norrbotten County by 2045?2. What is the annual hydrogen demand, additional renewable capacity required and also theadequacy of water resources to support this transition in Norrbotten County?
3.2 Scope and Limitations
The project mainly focuses on evaluating the green hydrogen production potential in NorrbottenCounty taking a cue from the potential demand of the industries therein. The time period that isconsidered for this study (2027 – 2045) is based on facts and data provided online which may differin reality. Moreover, the research is based on theoretical work and interpretations which may besubject to errors/change. Hence, the methodology and results could be interpreted as a source offoundation and motivation to further develop the work to address real-world challenges. The greenhydrogen storage potential mainly with respect to bedrock/cavern storage has been analyzed onlyat a fundamental geographical level which studies the suitable bedrock availability in the County.However, a thorough geophysical analysis has been recommended at the end to further study thepotential of underground cavern storage.
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4. Methodology
The methodology adopted in this project as represented in Figure 2 is a blend of a thorough literaturereview, data acquisition, company references and facts for the identification and analysis of suitablesites for green hydrogen production.

The study begins with a brief context on the key resources required for green hydrogen production.Zooming in further, the key resources which are water and electricity and their availability inNorrbotten County are analyzed.
The study further delves into the site suitability assessment on GIS. This comprises several stepswhich begin with mapping on ArcGIS pro, the several geographical criteria influencing greenhydrogen production such as existing and planned wind farms, power lines, water resources, majorresidential and commercial urban establishments, hydrogen demand points, underground cavernstorage and protected natural areas following which proximity maps are generated. These maps arethen assigned weights based on a scale using the Analytical Hierarchy process which is integratedand overlayed on the software to obtain the final suitability map.
Furthermore, the annual demand analysis with respect to the hydrogen demand by the iron andsteel industry during the period 2027 – 2045 is analyzed. This includes several steps including athorough review of the replacement of a Blast Oxygen Furnace (BOF) by hydrogen-based DirectReduced Iron (H2 -DRI) which is the technology utilized by the HYBRIT initiative [2]. This isfollowed by a detailed upstream analysis that assesses the associated green hydrogen demand year-

GREEN HYDROGEN
AND RESOURCE

ANALYSIS • Key resources and their availability for Norrbotten County

RESOURCE  AND
SITE SUITABILITY

ANALYSIS

• GIS data collection of infrastructure and resources ,  proximitymapping• Storage Mapping , Demand Mapping• Multi-criteria overlay Analysis with arcGIS pro

H2 DEMAND
ANALYSIS

• Analyzing industrial H2 demand for iron and steel industry.• H2 production calculation algorithm development• Analyzing associated water and electricity demand , electrolyzerefficiency

ZONAL ANALYSIS

• Categorization of suitability map into zones for detailedsuitability analysis• Identification of best zones in Norrbotten for green H2 production

FIGURE 2 DETAILED FLOWCHART FOR STUDY
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on-year resource demand including water and electricity to cater to the HYBRIT expansion inNorrbotten County.
As an extension to the site suitability map obtained previously, a zonal analysis is performed toassess the suitability statistics of several zones created on the map and identify a set of zones that isrecommended for further analysis that also factors in the closest proximity to mines. Lastly, ananalysis is conducted to assess the H2 demand from other potential beneficiaries of green H2 andmap them on the suitability map obtained for further observations.
4.1 Key Resource Assessment for Green Hydrogen Production in Norrbotten
This section aims towards  assessing the two key resources for green hydrogen production i.e., waterand electricity in Norrbotten County , Sweden between the period 2027-2045. This is crucial to gainquantified insights on the availability and accessibility to reflect upon analysing these resources'demand requirements.

4.1.1 Water
To produce 1 kg of hydrogen theoretically via electrolysis, 8.94 kg of water is needed [20]. Thechemical reaction is as follows:
2𝐻2𝑂→ 2𝐻2 + 𝑂2 (1)
This implies 1 mol H2 requires 1 mol of water. Factoring in the atomic weight of each molecule: 1
𝑚𝑜𝑙 𝐻2𝑂 = 18.015 𝑔 𝐻2𝑂 1 𝑚𝑜𝑙 𝐻2 = 2.016 𝑔 𝐻2.  The resulting average water consumptionrate is 18.015/2.016 = 8.94 kg H2O/kgH2.
This section aims to assess the water availability in Sweden, primarily in the study period2027-2045. Sweden has abundant water resources including streams, freshwater and lakes of whichtheir total water withdrawal represents only 1% of all available freshwater resources, which isamong the lowest intensity of water use in the Organisation for Economic Co-operation andDevelopment (OECD) [21]. This gives Sweden the advantage in terms of freshwater availability forgreen hydrogen production for the potential industrial demand in the following decades. For thesame reason only surface water is considered within the scope of the study and groundwater hasbeen excluded as there have been said to be political disagreements with regard to utilizinggroundwater for hydrogen production as stated by SSAB [22] .
Sweden is divided into five water districts based on the borders of the major sea basins andcatchment areas which are intended to be the management units for water resources as representedin Figure 3. They in turn cover 10 river basin districts (RBDs) reported under the Water FrameworkDirective (WFD) [23] . One county administrative board in each water district is appointed as theRiver Basin Water District Authority to ensure the coordination of the work within each district andratify the Program of Measures and the River Basin Management Plan. The five main water districtsin Sweden are the Bothnian Bay, the Bothnian Sea, the North Baltic, the South Baltic and Skagerrakand Kattegat. Table 1 represents the 10 RBDs inclusive of the main ones that are star-marked andthe subcategories represent their international borders. This study primarily focuses on analyzing
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the water availability in the Bothnian Bay River Basin District as it comprises the whole ofNorbotten County.
TABLE 1 RIVER BASIN DISTRICTS OF SWEDEN [24]

To forecast surface water availability for the study period, a regression analysis has been performed.Renewable freshwater primarily including surface and groundwater resources is replenished byprecipitation that ends up as runoff to rivers and recharge to aquifers, and by surface waters andgroundwater flowing in from neighbouring countries (inflow) [25]. Therefore, precipitation is acrucial factor in replenishing freshwater sources such as rivers, lakes, and aquifers. This analysis isundertaken following four steps. First, the annual precipitation in the Bothnian Bay is forecastedfor the period 2027-2045. Following this, the freshwater availability for the same period isforecasted by virtue of a regression analysis that considers two independent variables: forecastedannual precipitation (2027-2045) and the time period. Lastly, with estimations on the % availabilityof surface water relative to groundwater in Sweden, the availability of surface water resources inNorrbotten County is estimated. Finally, to make estimations on the total available surface waterfor utilization by future demand sectors an analysis of the annual surface water abstraction fromother sectors is taken into consideration.

River BasinDistrict Name Countries sharing RBD
SE1** Bothnian Bay FI,NOSE1TO Bothnian Bay (International district TorneRiver) FI,NO
SE2** Bothnian Sea -SE3** North Baltic Sea -SE4** South Baltic Sea NOSE5** Skagerrak and Kattegat NOSE1102 Bothnian Sea (International RBD) NOSE1103 Bothnian Bay (InternationalRBD) NOSE1104 Bothnian Bay (International RBD) NOSE5101 Skagerrack and Kattegat (InternationalRBD) NO

FIGURE 3 GEOGRAPHIC DIVISION OF 5 MAIN RIVER BASIN DISTRICTS OF SWEDEN [24]

FIGURE 4 GEOGRAPHIC DIVISION OF 5 MAIN RIVER BASIN DISTRICTS OF SWEDEN[24]

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https:/unece.org/DAM/env/europe/monitoring/Indicators/C-1-en-final.pdf
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Forecasting Precipitation for the period 2027-2045
An increase in annual precipitation over Northern Europe between 10 and 40% in the last centurywith the strongest increases was observed in Scandinavia and Western Russia [26]. It was also foundthat the trend towards increasing precipitation in Northern Europe would continue at a rate of 1 to2% per decade. Taking a cue from this, the precipitation data from Eurostat for the last two decadeswas studied in the Bothnian Bay River district [27]. A pattern with respect to increasing precipitationwithin the decades 2001-2010 and 2011-2020 and the increase from 2021 was observedsubsequently based on the average precipitation in each period.
The average precipitation in Bothnian Bay from 2001-2010 amounts to 113390 Mm3, 2011- 2020amounts to 114483 Mm3 and the value for 2021 provided is 116787 Mm3 The % change in theseaverage values amounts to 0.96% between the first 2 decades and 2% between the second and thirddecades which can be corroborated by the increase in precipitation rate in Northern Europe.Therefore, an average estimate of a 1.5% increase in precipitation has been considered for the periodbetween 2031-2040 and 2041-2050 although values up to 2045 are required. The values for2022-2030 remain the same as provided for 2021. The annual forecasted precipitation for the period2027-2045 is as presented in Table 4 and Figure 5.
Forecasting availability of freshwater resources (2027 -2045)
Data from Eurostat with regards to freshwater resources from the period 2012-2021 was firstobtained for the Bothnian Bay River Basin District (RBD) [27]. To perform the regression analysisthe precipitation data from 2012 onwards is utilized to match with the fresh water data availability.With the two important datasets obtained, the Excel toolbox is utilized to perform the regressionanalysis. The dependent variable is considered to be freshwater resources and the two dependentvariables are time and precipitation. The period 2012 – 2021 is considered for the regression model.The output suggests an 82% correlation i.e., the r square value implying that roughly 82% of thevariability of y (freshwater resources) can be explained by the entire set of independent variables inthis case which are time and precipitation. The multi-linear regression equation is as follows whereXt represents the time variable and Xp represents the precipitation variable and is used to calculateavg freshwater resources from 2022-2045. Tables 2 and 3 represent the statistical results obtained.
y = -2291 – (43.77Xt) + (0.722Xp) (2)

TABLE 2 REGRESSION ANALYSIS COEFFICIENT OUTPUTS

Regression Statistics %
Multiple R 0.909116043
R Square 0.826491979

Adjusted R Square 0.776918258
Standard Error 5382.364173

Observations 10

Coefficients
Intercept -2291.808369

Time -43.77094106
Precipitation (Mm3) 0.722712618

TABLE 3 REGRESSION ANALYSIS R2 OUTPUT



19

Equation 2 has been further utilized to quantify the freshwater resources for the period 2027-2045as observed in Table 4.
Surface Water Availability (2027 – 2045)
Further, these estimations are used to calculate the surface water availability year on year. Withinsights from the WISE data catalogue [28], the total number of surface water and total areaoccupied by it accounts for close to 87% of the total freshwater in the Bothnian Bay RBD. Thishowever does not quantify the volume of surface water available annually. Therefore, furtheranalysis from the  AQUASAT Dissemination study [29] suggested that the average annual surfacewater availability in Sweden amounts to 173 Bm3 and groundwater 20 Bm3. This implies thatapproximately 89% of the volume of freshwater resources is accounted for by surface water bodiesonly indicating that there is more surface water in volume as compared to ground water resources.The same estimation of 89% has been considered to determine the availability of surface water inthe period 2027-2045 as represented in Table 4 and Figure 4. For instance, from 2027 onwards, 89%of the freshwater resources amount to 73 Mm3 of surface water on an average.

TABLE 4 FORECASTED PRECIPITATION, AVAILABLE FRESHWATER AND SURFACE WATER IN THE PERIOD 2027-2045 (MM3)

Time Precipitation(Mm3) Freshwaterresources( Mm3)
Surface water resource(Bm3)

2027 116787 81139 72
2028 116787 81096 72
2029 116787 81052 72
2030 116787 81008 72
2031 119123 82646 74
2032 119123 82603 74
2033 119123 82559 73
2034 119123 82515 73
2035 119123 82471 73
2036 119123 82428 73
2037 119123 82384 73
2038 119123 82340 73
2039 119123 82297 73
2040 119123 82253 73
2041 121505 83925 75
2042 121505 83881 75
2043 121505 83837 75
2044 121505 83794 75
2045 121505 83750 75
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Estimation of Surface Water Consumption from other sectors
It is also crucial to account for potential surface water consumption from the as-is surface waterusers to estimate the final water availability in the time period for potential consumers. The surfacewater consumption data per river basin district every five years since 2000 has been consideredfrom Statiskdatabasen [30] as the basis for the analysis as represented in Table 5. Performingregression analysis does not provide accurate results in this case as it provides a low R2 valuerepresenting a poor correlation between the variable's time and abstraction of surface water every 5years. An inconsistently fluctuating pattern of low and surface water withdrawal was observed inthe period. Therefore,  an average estimate of the water withdrawal from the as-is users in the last20 years was considered and projected up until 2045 to factor in water withdrawal from other sectorswith 253 Mm3 was determined to be the average estimate projected for the period 2027- 2045.

TABLE 5 SURFACE WATER WITHDRAWAL IN 1000 CUBIC METERS IN THE BOTHNIAN BAY RBD EVERY 5 YEARS (2000 – 2020)

4.1.2 Electricity
Under perfect conditions with 100% efficient conversion of electrical energy to chemical energy,the production of 1 kg of hydrogen requires 39.4 kWh/kg which represents the higher heating value(HHV) of hydrogen [31]. The higher heating value (HHV i.e., 39.4 kWh) has been considered inthis study as it provides a more realistic estimate of the energy content available from a fuel or achemical process which also accounts for the heat released when the water vapour produced duringcombustion is condensed back into liquid water, hence representing the maximum amount of energythat can be obtained from the complete combustion of a fuel. However, in reality, the electricityrequirement for producing 1 kg of H2 ranges from 50-55 kWh which is around 4.5-5 kWh/Nm3.
Sweden's rich supply of moving water and biomass contributes to the country’s substantialrenewable energy output. Hydropower accounts for approximately 45% of Swedish electricitygeneration and nuclear  30%, together laying the foundation of the Swedish electricity system [32].Assessments of future electricity demand point to around 200 TWh in 2040 of which wind power

Year 2000 2005 2010 2015 2020
Surface Water Withdrawal (1000cubic m) 254297 259002 276786 227473 249114

FIGURE 4 INCREASE IN PRECIPITATION AND SURFACE WATER AVAILABILITY IN THE BOTHNIAN BAY RBD ( )Mm3
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has the potential to deliver at least 120 TWh [33]. Moreover, Sweden is expected to generate60 TWh of wind electricity by 2030 and 120 TWh by 2040 to cater to the escalating need forelectrification in the country and enhance the flexibility of the power system. These plans howeversolely reflect the national objectives and initiatives. Sweden is divided into 4 electricity price areasnamely, SE1, SE2, SE3 and SE4 bidding zones as shown in Figure 5a. This section aims towardsassessing the forecasted electricity demand and installed capacity of renewables in the SE1 biddingzone during the period 2027-2045 to cater to the increasing demand for electricity for increasing thegreen hydrogen production to enable the fossil-free transformation in Norrbotten County given thatthe SE1 bidding zone accounts for the whole county as represented in Figure 5b.

Future Electricity Demand and Installed Capacity of Renewables in SE 1
The goal  is to study the future demand for electricity and forecasted installed capacity in the SE1bidding zone in the given study period.  The assumptions, calculations and estimations have beencarried forward here from the previous study [34] for the period 2024-2040 which are outside thescope of this thesis. The electricity demand for various sectors including industry, commerce,household and transport as marked in orange has been arrived at considering the forecasted GrossValue Added (GVA) and the energy intensities (I) of each of these sectors as shown in Figure 6.However, this study analyzes the period up to 2045, hence, certain estimations have been made forthe period 2041-2045. Taking into account an accelerated growth in the electricity demand from theperiod 2036-2040 from the referred study, a simple linear regression analysis has been performedtaking time as the independent variable and the electricity demand as the dependent variable.Consequently, an R2 value of 99% was obtained suggesting a fairly good estimation. Equation 3represents the regression equation where D represents the electricity demand and ୘ represents thetime period 2041-2045. The output suggests a 99% correlation i.e., the r square value implying thatroughly 99% of the variability of D (electricity demand) can be explained by the entire set ofindependent variables in this case which is time. The complete forecasted electricity demand in SE1 bidding zone is marked in orange as represented in Figure 6 with an estimated total demand of 30TWh by 2045.
D = -1014.32 + (0.511𝑥்) (3)

FIGURE 5 A)FOUR ELECTRICITY BIDDING ZONES IN SWEDEN SE1 , SE2 , SE3 , SE4 [60] ; B) NORRBOTTEN COUNTY
REPRESENTED IN SE1 BIDDING ZONE

FIGURE 6 A)FOUR ELECTRICITY BIDDING ZONES IN SWEDEN SE1 , SE2 , SE3 , SE4[60] ; B) NORRBOTTEN COUNTY
REPRESENTED IN SE1 BIDDING ZONE
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TABLE 6 REGRESSION ANALYSIS COEFFICIENT OUTPUTS

TABLE 7 REGRESSION ANALYSIS R2 OUTPUT

Furthermore, the cumulative forecasted installed capacity of power generation in SE1 has beenobtained from the same study for the period 2024-2040. The forecast is based on today’s electricitymarket and electrical power system, as well as on decisions on future actions planned for theSwedish energy system. Following this, the calculated share of installed capacity in the SE1 biddingzone based on municipality data is considered. This capacity expansion represents business casesfrom different markets, which is concluded by calculating the net present value (NPV). Theforecasted increase in the installed capacity of renewables capacity is also represented in Figure 6.As calculated for the electricity demand , factoring in the accelerated growth observed in  installedcapacity from the period 2036-2040 from the referred study ,a simple linear regression analysis hasbeen performed taking time as the independent variable and the installed renewable capacity as thedependent variable. Consequently, a R2 value of 88% was obtained suggesting a fairly goodestimation. Equation 4 represents the regression equation where C is the installed capacity and yTrepresents the time period 2041-2045. The output suggests an 88% correlation i.e., the R2 valueimplying that roughly 88% of the variability of C (Installed renewable capacity) can be explainedby the entire set of independent variables in this case which is time. The complete forecastedrenewable installed capacity in SE 1 bidding zone is marked in green as represented in Figure 6amounting to 80 TWh by 2045.
C = -4173.48 + (2.08yT) (4)

TABLE 8 REGRESSION ANALYSIS COEFFICIENT OUTPUTS

TABLE 9 REGRESSION ANALYSIS R2 OUTPUT

Coefficients
Intercept -1014.322

X Variable 1 0.511

Regression Statistics
Multiple R 0.999978938
R Square 0.999957876

Adjusted RSquare 0.999943834
Standard Error 0.006055301

Observations 5

Coefficients
Intercept -4173.48

X Variable 1 2.08

Regression Statistics
Multiple R 0.941263199
R Square 0.885976409

Adjusted RSquare 0.847968545
Standard Error 1.362350909

Observations 5
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Transmission Capacity Addition in SE1
To meet the large power requirement of the industry in bidding zone SE1, Svenska kraftnät hascreated a programme named Fossilfritt Övre Norrland (FÖN) [35] that is further categorized intotwo investment packages called Norrlandkusten and Malmfälten respectively. These packages aimtowards an accelerated completion of transmission networks away from the normal 10-year span inorder to meet the industry's demand. Figure 7 shows a map with the initiatives included in theNorrlandskusten and Malmfälten packages. The sole purpose of expanding grid networks is that thenew electricity-intensive industries demand abundant electricity that the regional grid power linescannot efficiently support.

The Norrlandkusten investment package as highlighted in Blue in Figure 7 aims to cater to large-scale and electricity-intensive industries along the northern Norrland coast around the cities of Piteå,Skellefteå , Boden, Kalix and Luleå. The package is inclusive of three new systems reinforcing400 kV power lines, and 400 kV substations.

FIGURE 10 WIND POWER DENSITY MAP (W/M2)

0
20
40
60
80

100

20
27

20
28

20
29

20
30

20
31

20
32

20
33

20
34

20
35

20
36

20
37

20
38

20
39

20
40

20
41

20
42

20
43

20
44

20
45El

ec
tr

ic
ity

  (
TW

h)

Year

Forecasted Electricity demand in SE1(TWh)

Installed Capacity of renewables(TWh)

FIGURE 6 FORECASTED ELECTRICITY DEMAND VS INSTALLED RENEWABLE CAPACITY (2027 – 2045)

FIGURE 7 MALMFALTEN AND NORRLANDSKUSTEN TRANSMISSION INVESTMENT PACKAGESFIGURE 8
FORECASTED ELECTRICITY DEMAND VS INSTALLED RENEWABLE CAPACITY (2027 – 2045)

FIGURE 7 MALMFALTEN AND NORRLANDSKUSTEN
TRANSMISSION INVESTMENT PACKAGES [35]

FIGURE 9 MALMFALTEN AND NORRLANDSKUSTEN
TRANSMISSION INVESTMENT PACKAGES[35]
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The Malmfalten initiative as highlighted in blue in Figure 7 particularly will cater to LKAB'scontinued electrification of mining and iron ore processing at its industrial facilities outsideGällivare, Svappavaara and Kiruna. A new 400 Kv line from Vitafors – Gallivare between thePorjusberget–Naalojärvi substations is underway as illustrated in Figure 7 (marked in purple), closeto the HYBRIT demonstration plant planned to be commissioned in 2027. Furthermore, the projectaims to build four new 400 kV power lines in the Kiruna  Svappavara and Gallivare regions. Theseare currently under consideration and are anticipated to be commissioned from 2030 onwards. Thesame has been considered for the GIS analysis that follows. A project is classified as being underconsideration when there is an ongoing investigation to assess suitable conditions for possibleinvestments. Furthermore, upon discussion with a representative from Svenskakraftnat [22],implications were made that the requirement for additional transmission lines would arise uponpotential hydrogen infrastructure locations in the future. Moreover, any restrictions to transmissioncapacity building could be potentially compensated by utilising hydrogen storage.

4.2 GIS based MCA analysis
Taking forward the detailed assessment of the key resources within the county for the period2027-2045 from the previous section, this section studies the geographical availability andaccessibility of associated resources that influence decision-making to cater to green hydrogenprojects. It is categorized into multiple steps. Firstly it involves a thorough analysis of the criteriaand the geographical factors influencing green hydrogen production for which data obtained are inthe form of spatial layers such as point, line and polygon files, each representing approximatelocations, boundaries and areas of the criteria taken into consideration. Following this, a Multi-Crietria Overlay analysis is performed by assigning weights to the criteria to further develop a sitesuitability map on ArcGIS Pro. Multi-criteria weighted overlay analysis [11], amongst severalapplications, is widely utilised in spatial decision-making by evaluating several criteria that hold afavourable or opposing influence over the suitability of the site identified. Therefore, thismethodology transforms and combines geographic data and value judgments to obtain informationfor decision-making by allocating weights to every criterion taken into consideration that renderstheir relative importance over each other. As a next step, these criteria when spatially overlayedupon each other, result in an integrated geographic map that indicates all regions having highsuitability to cater to a particular goal.
4.2.1 Criteria Consideration
The study has factored in ten important criteria that influence the site selection for green hydrogenproduction. A thorough literature review has been conducted under this segment following whichthe latest data sets were obtained and the same has been summarized in Table 10  which is inclusiveof the source from which it was obtained. The same has been represented in Figures 8 -17. Forindustries and bed-rock storage data points were developed from scratch and subsequently extractedas compared with the other layers for which data formats were readily available. Moreover over allthe data obtained are in the vector format and were individually transformed to raster data setsexcept the wind power density map which was readily available in the raster format.
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TABLE 10 COMPILATION OF GIS CRITERIA DATA

Firstly, the wind power density map has been taken into consideration that can be evaluated for thepotential development of wind farms in the future as represented in Figure 8.

Furthermore, nine proximity layers have been considered to evaluate the acceptable distance aparticular criterion must hold from the desired location. Since most of the data obtained are in thevector format, it is converted into a raster format.
Each pixel (or cell) in the raster grid has a value which represents some attribute or characteristicof the corresponding location on the ground. This allows to maintain a uniform grid structure andallows for a continuous representation of proximity values across the study area. Since the proximitymaps are created based on the criteria, the raster format is beneficial as each pixel value wouldessentially represent the distance to the nearest feature of interest. Following this conversion, all theraster layers are transformed into proximity maps using the Euclidean distance tool. The distancehas been set to metres and is consistent throughout the analysis. This is a crucial step whose resultsare an input for the suitability analysis. The set of Figures 9 - 17 represents the vector outputs ofeach criterion alongside the proximity map after conversion using the Euclidean distance tool. Itcan observed from each figure that the vector map indicates either a point/line/polygon and fromthe proximity maps, the regions in green indicate closer proximity while the regions in red indicategreater proximity. The same has been associated with a scale of 0-5 where 0 indicates closerproximity and 5 indicates farther proximity. However, only in the case of the wind density map, theoriginal raster format is retained as it stores the values of wind density in each pixel.

Data Source
Wind Power density [36]

Surface Water Bodies [37]
Planned wind power [38]

Existing Wind Ppower [38]
Potential Storage sites [39]

Restricted zones [40]
Urban Centers [39]

Power lines [39]
Industrial demand points [41]

Road Networks [39]

FIGURE 8 WIND POWER DENSITY MAP (W/M2)

FIGURE 11 RESIDENTIAL AND COMMERCIAL URBAN CENTERES (
VECTOR AND PROXIMITY MAP)FIGURE 12 WIND POWER DENSITY MAP

(W/M2)
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Proximity to existing wind power plants, planned wind farms and power lines represent theelectricity provision layers as represented in Figures 9, 10 and 11. The red encirclement in Figure 9also indicates the planned transmission capacity as discussed in section 4.1.2.

The proximity to surface water bodies Figure 12 is also one of the crucial requirements for greenhydrogen production hence having it placed closer to the facility holds high importance.

FIGURE 9 TRANSMISSION NETWORK (VECTOR AND PROXIMITY MAPS)

FIGURE 13 EXISTING WIND POWER FARMS (VECTOR AND PROXIMITY MAPS)
FIGURE 14 TRANSMISSION NETWORK (VECTOR AND PROXIMITY MAPS)

FIGURE 10 EXISTING WIND POWER FARMS (VECTOR AND PROXIMITY MAPS)

FIGURE 15 PLANNED WIND FARMS (VECTOR AND PROXIMITY MAPS)FIGURE 16 EXISTING
WIND POWER FARMS (VECTOR AND PROXIMITY MAPS)

FIGURE 11 PLANNED WIND FARMS (VECTOR AND PROXIMITY MAPS)

FIGURE 17 PLANNED WIND FARMS (VECTOR AND PROXIMITY MAPS)
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In addition, the proximity to urban areas (Figure 13) and protected areas (Figure 14) representlayers that must be carefully assessed as they are required to be maintained at an acceptable andsafe distance from the production facilities. The areas are inclusive of  Strict Nature Reserves,wilderness areas,  national parks, natural monuments, habitat/ species management sites,  protectedlandscape/ Seascape and managed resource-protected areas. Additionally, the layer also comprisesmilitary zones and air-strips.

Furthermore, proximity to suitable bedrock storage Figure 15 represents all the regions having thepotential to store the green hydrogen gas on a larger scale. This criterion in particular takes into

FIGURE 12 SURFACE WATER BODIES (VECTOR MAPS AND PROXIMITY MAPS )

FIGURE 18 SURFACE WATER BODIES (VECTOR AND PROXIMITY MAPS)

FIGURE 13 RESIDENTIAL AND COMMERCIAL URBAN CENTRES ( VECTOR AND PROXIMITY MAP)

FIGURE 19 ROAD NETWORKS (VECTOR AND PROXIMITY MAPS)FIGURE 20 RESIDENTIAL AND
COMMERCIAL URBAN CENTERES ( VECTOR AND PROXIMITY MAP)

FIGURE 14 RESTRICTED AREAS (VECTOR AND PROXIMITY MAPS)

FIGURE 21 SUITABLE BEDROCK TYPE FOR STORAGE ( VECTOR AND PROXIMITY
MAPS)FIGURE 22 RESTRICTED AREAS (VECTOR AND PROXIMITY MAPS)
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consideration only the geographical availability of suitable rock types. The analysis of future cavernhydrogen storage relies fundamentally on the type of geological characteristics of the bedrock,including its stability, permeability, and porosity. The following suitability of bedrock type forstorage has been considered to be most suitable for underground H2 storage potential [42]. Intrusiveigneous rocks like granite, granodiorite, diorite, gabbro, syenite, peridotite, and pegmatite groupsare considered to be massive, and homogeneous with very low porosity and permeability.  Similarly,sedimentary rocks like shales and siltstones are considered to be the most favourable sedimentarylithologies as a result of low permeability and easy excavation. Lastly, metamorphic rocks such asnon-foliated metamorphic rocks (quartzites and marbles) are considered to occur in large massesand are suitable for caverns as they are usually homogeneous and show high strength. Tocorroborate this information, the pilot green hydrogen storage facility in Luleå was studied to havesimilar geology [43]. The geographical data extracted for such bedrock types has also factored in1 km of buffer zones around deformation zones such as severely cracked zones, strongly crackedzones and heavily foiled zones. Though it does not account for detailed geophysical characteristicsand capacity, the type of bedrock serves as the foundation for evaluating the potential suitability ofa site for cavern storage. It forms the basis upon which further assessments can be performed todetermine the viability and feasibility of establishing underground caverns for hydrogen storage.

The proximity to roads as represented in Figure 16 aims towards giving a certain level of importanceto hydrogen transportation and potentially indicates how accessible a location is. Areas that arecloser to roads are typically easier to reach and may have better transportation infrastructure, whichcan be crucial for various activities.

FIGURE 15 SUITABLE BEDROCK TYPE FOR STORAGE ( VECTOR AND PROXIMITY MAPS)

FIGURE 23 SUITABLE BEDROCK TYPE FOR STORAGE ( VECTOR AND PROXIMITY MAPS)

FIGURE 16 ROAD NETWORKS (VECTOR AND PROXIMITY MAPS)

FIGURE 24 RESTRICTED AREAS (VECTOR AND PROXIMITY MAPS)FIGURE 25 ROAD
NETWORKS (VECTOR AND PROXIMITY MAPS)

https://www.sciencedirect.com/science/article/pii/S2352152X18301919?via%3Dihub
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Most importantly the proximity to industries (Figure 17) with the potential to use green H2 isconsidered to establish an approximate spatial demand. The primary demand points underconsideration in this study are the 3 iron ore mines namely; the Kiirunavaara Mine located in Kiruna,the Malmberget Mine located near Gällivare and the Svappavara Mine also located in Kiruna inNorrbotten County as the study aims towards catering to the iron and steel industry which isdiscussed in detail in section 4. As addressed in the previous sections, plans to achieve a completefossil-free transformation of the iron industry by 2045 essentially imply the complete transformationof extracted iron ore into sponge iron before supplying it to the Swedish steel industry (SSAB) andfor export purposes.  Towards this, the three iron ore mines have been considered as the demandpoints and the same is represented in Figure 17.

4.2.2 Multi-Criteria Analysis
To undertake the MCA analysis, the AHP (Analytical Hierarchy process) [44, 59] has beenparticularly utilized to assign the weights to each criterion. Saaty’s 9-point scale [11,16] asrepresented in Table 11 is used to assign the weights following which the criteria are comparedpairwise and a priority matrix is obtained which in turn is fed into the GIS systems to perform thesuitability analysis.

TABLE 11 SAATY'S 9 POINT WEIGHTING SCALE

Intensity of importanceon an absolute scale Definition Explanation
1 Equal importance Two activities contribute equally to theobjective
3 Moderate importance of one over the other Experience and judgement slightly favourone activity over another
5 Essential or strong importance Experience and judgement strongly favourone activity over another.
7 Very strong importance An activity is strongly favoured and itsdominance is demonstrated in practice
9 Extreme importance The evidence favouring one activity overanother is of the highest possible order ofaffirmation.

2,4,6,8 Intermediate values between the two adjacentjudgements When compromise is needed
Reciprocals If activity I has one of the above numbers assigned toit when compared with activity j , then j has thereciprocal value when compared with i

FIGURE 17 IRON ORE MINES (VECTOR AND PROXIMITY MAPS)

FIGURE 26 SURFACE WATER BODIES (VECTOR AND PROXIMITY MAPS)FIGURE 27 IRON
ORE MINES (VECTOR AND PROXIMITY MAPS)
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These weights in turn help obtain the pairwise comparison matrix as represented in Table 12 [59].The matrix is in the form of a square matrix in which the rows and columns represent the criteriathat have been taken into consideration. This method is used to analyze multiple criteria in pairs todetermine their importance over each other, thereby analyzing the level of preference. The diagonalin the matrix is always set to 1 whereas the values falling under the diagonal are the reciprocalvalues of the values above the diagonal and visa-versa. The pairwise comparison matrix is filledcomparing each layer to the other where each cell in the matrix represents the importance of eachrow layer in correspondence to the column layer. These weights are assigned as a result of a surveyconducted that highlights a subjective approach where expert opinion and academic judgement, holdthe key. Interestingly, the responses remained more or less similar in each case which benefitted theanalysis.
TABLE 12 PAIRWISE COMPARISON MATRIX

To fill the pairwise comparison matrix and obtain the priority matrix the following submissionshave been made. Surface water resources and proximity to the power lines have been given a higherdegree of importance (a value of 1 as shown in Table 12) given that they are the primaryrequirements and equally important for the production of green hydrogen and the establishment ofits infrastructure. It can be also noticed that power lines are given more importance than the existing,planned wind power production facilities and wind power density maps. Power production may notbe centralized for the sole purpose of green hydrogen production due to several geographical

WindPowerexisting
WindPowerPlanned

Proximityto roads
Proximityto surfacewater

Proximityto urbanareas
Proximitytorestrictedareas

Proximityto storage
Proximityto plannedindustries

Proximityto powerlines
Windpowerdensity

WindPowerexisting 1 2 3 1/4 1/2 1/5 1/3 5 1/4 1/3
WindPowerplanned 1/2 1 2 1/5 1/2 1/5 1/3 1/2 1/7 1/3

Proximityto roads 1/3 1/2 1 1/6 1/3 1/5 1/5 1/2 1/7 1/2
Proximityto surfacewater 4 5 6 1 4 4 3 5 1 5
Proximityto urbanareas 2 2 3 1/4 1 1/2 2 3 1/5 3
Proximitytoprotectedareas

5 5 5 1/4 2 1 4 4 1/3 5
Proximityto storage 3 3 5 1/3 1/2 1/4 1 4 1/3 4
Proximitytoexistingindustries

1/5 2 2 1/5 1/3 1/4 1/4 1 3 6
Proximityto powerlines 5 3 5 1 3 3 1 1/3 1 2

Windpowerdensity 1/3 1/5 1/5 1/6 1/4 1/5 1/6 1/5 1/8 1
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constraints in Norrbotten County hence transmission lines become crucial for providing electricityfrom distant renewable energy facilities to the hydrogen production sites. This also facilitates inbalancing supply and demand potentially reducing costs associated with energy transportation.Next, it can be observed that protected areas or restricted zones have been given the highest priorityas they are considered to be off-limits from any establishment of green hydrogen infrastructure.However, power lines and surface water still hold more preference over the restricted zones giventhat they are the key requirements and do not directly impact the environment but rather utilizeresources that have to be transported to the desired location. Similarly, locating hydrogen productionfacilities too close to densely populated urban areas can raise concerns about safety and publicacceptance, therefore areas that are sufficiently distant from densely populated regions areprioritised. The proximity to potential storage sites, in this study, engineering rock caverns, is givena high preference as they can potentially enhance the feasibility and cost-effectiveness of hydrogenproduction projects.
Moreover, the proximity to industrial demand interestingly has been considered to hold lowerimportance over several criteria like the proximity to surface water, urban areas, restricted zonesand potential storage sites. This is the case as these important criteria are inclusive of aspectspertaining to production, storage, socio-environmental acceptability as well as potential pipelinetransfers however the former only looks from the consumption point of view. It is interesting to notethat these demand points considered are primarily the iron ore mines in North Sweden and there isa possibility to have sponge iron factory setups distributed across the county rather than having themcentralized near the mines themselves.
Following the completed pairwise comparison matrix, the criteria weights also known as the priorityvalues (principal eigenvector) are determined. In this method [11], all the entries per row fromTable 12 are multiplied. Following that, the nth root of each product is then computed (where n isthe number of criteria) and is summed across all rows. To ensure that the sum of the principaleigenvector elements equals one, normalization is applied, yielding the priority matrix, whichessentially represents the criteria weights as shown in Table 13.

TABLE 13 PRIORITY MATRIXCRITERIA FINAL WEIGHTS
Wind Power existing 0.0562
Wind Power planned 0.0345

Proximity to roads 0.0269
Proximity to surface water 0.2716
Proximity to urban areas 0.0980

Proximity to protected areas 0.1739
Proximity to storage 0.1042

Proximity to  existing industries 0.0625
Proximity to power lines 0.1525

Wind power density 0.0192
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The last step involves determining the consistency ratio (CR) which provides a means ensure theaccuracy of the matrix and robustness of the decision or judgement that has been made. Aconsistency ratio of <0.1 or 10% indicates a reasonable level of consistency in the pairwisecomparisons [11].To obtain the CR, firstly values from each column of the pairwise comparisonmatrix are multiplied with the corresponding criteria weight or priority matrix to obtain a newnormalized matrix as observed in Table 14 .Row-wise values are summed up which are then dividedby the corresponding priority value for each criterion. This then helps determine the ʎmax (whichhas been considered to be the average [11] of the new vector obtained based on the method used).
TABLE 14 NORMALIZED MATRIX

This is further utilized to calculate the CR which is defined as the ratio of the consistency index (CI)and the random index (RI) as represented in Table 15 [11], which has been derived from the Saatysbook in which a set of judgements is used for the corresponding value from large samples ofmatrices for the computation of CR. It can be observed based on this study that with n=10 the RI is1.49.
TABLE 15 RANDOM INDEX[34]

In this case, λmax = 11.241Once the principal eigenvalue is obtained, the CR is calculated as follows:
𝐶.𝐼 = ʎ𝑚ೌ𝑥 ି ௡

௡ ି ଵ
(5)

ଵଵ ଶସିଵ0
ଵ0ିଵ

= 0.137
Therefore the consistency ratio (𝐶.𝑅 = 𝐶𝐼

𝑅𝐼
(6)

0 ଵ37
ଵ ସଽ

= 0.093
Given that the value 0.093 is less than 10%, the pairwise comparison matrix indicates reasonableconsistency to proceed with the suitability analysis on GIS.

0.05624 0.06907 0.08081 0.06792 0.04902 0.03479 0.03476 0.31259 0.03815 0.00642
0.02812 0.03453 0.05387 0.05433 0.04902 0.03479 0.03476 0.03126 0.02180 0.00642
0.01875 0.01727 0.02694 0.04528 0.03268 0.03479 0.02086 0.03126 0.02180 0.00963
0.22497 0.17267 0.16162 0.27166 0.39219 0.69572 0.31283 0.31259 0.15259 0.09632
0.11249 0.06907 0.08081 0.06792 0.09805 0.08697 0.20856 0.18756 0.03052 0.05779
0.28121 0.17267 0.13468 0.06792 0.19609 0.17393 0.41711 0.25007 0.05086 0.09632
0.16873 0.10360 0.13468 0.09055 0.04902 0.04348 0.10428 0.25007 0.05086 0.07706
0.01125 0.06907 0.05387 0.05433 0.03268 0.04348 0.02607 0.06252 0.45776 0.11558
0.28121 0.10360 0.13468 0.27166 0.29414 0.52179 0.10428 0.02084 0.15259 0.03853
0.01875 0.00691 0.00539 0.04528 0.02451 0.03479 0.01738 0.01250 0.01907 0.01926

n 1 2 3 4 5 6 7 8 9 10 11
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51
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4.2.3 Multi-Criteria Overlay Analysis on GIS
With the weights obtained through the AHP pairwise comparison methodology, the multi-criteriaoverlay analysis is then performed on the Arc-GIS software. Using the built-in suitability analysistool on the Arc-GIS software, the suitability analysis is performed by feeding in the proximity rastermaps and assigning the weights previously determined.
In the ArcGIS software, the Suitability Analysis tool assesses the suitability of several locations forspecific activities, applications, land uses or purposes based on a set of criteria or factors. Thesuitability scale in ArcGIS refers to the range of values used to represent the suitability of locationswithin the study area. The suitability scale in this study is set from 1-5 with 1 representing lowsuitability and 5 representing high suitability. Furthermore, the analysis has been conducted on thebasis of weights by % as the priority matrix represents the percentage importance one criterion holdsover the other.
Next, all the proximity layers are added into the tool against which the weights that were determinedearlier as assigned respectively. Each layer is then re-classified against the 1-5 suitability scale. Todo so, the suitability scores for each layer are assigned in the form of proximity ranges. This scorerepresents the degree to which the location meets the criteria specified by the input factors. Thisscore is then assigned for all the criteria based on discussions with industrial experts and individualanalysis. Table 16 represents the same. As it is observed, for some criteria like proximity to windpower plants, the closer it is to the location of interest the better hence is assigned a suitability scoreof 5. Whereas, in the case of restricted zones, the further it is from the location of interest, the higherthe suitability and is an example of reverse scaling. Similarly, the proximity ranges have beenestablished for all criteria as observed in Table 16.

TABLE 16 SUITABILITY SCORE MATRIX FOR EACH CRITERION

The proximity ranges and the respective suitability scores assigned are used to transform theproximity maps obtained section 4.2.1 into the maps as represented in Figures 18 (a-j). These mapsstore the respective suitability scores that have been assigned to each proximity range as representedin Table 16. Regions in blue represent the maximum suitability score of 5 whereas the red regionrepresents the least suitability.

SCORE
WindPowerexisting(km)

Roads(km) Powerlines(km)
Surfacewater(km)

Urbanareas(km)
Restrictedareas(km)

Storage(km) Industry(km)
Windpowerplanned(km)

Winddensity(W/m2)
5 <2 0.5 - 1 <5 0.5 - 1 >6 >6 <1 <0.5 <2 >800
4 2 - 4 1 - 2 5 - 10 1 - 2 5 - 6 5-6 1 - 2 0.5 - 1 2 - 4 600 -800
3 4 -6 2 - 4 10 -15 2 - 3.5 4 -5 4-5 2 - 3.5 1 - 2.5 4 -6 400 -600
2 6 -10 4-10 15 - 20 3.5 - 5 3 - 4 3-4 3.5 - 5 2.5 - 5 6 -10 200 -400
1 >10 >10 >20 5 - 10 <3 <3 >5 >5 >10 <200
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Following the integration of all the above transformation maps, the final suitability map is obtainedon Arc GIS which is discussed in detail in the results section.

4.3 Hydrogen Demand Analysis
Having done the site suitability assessment in the previous section, this section focuses onestimating the potential green hydrogen demand in Norrbotten County taking the iron and steelsector as the primary beneficiary owing to its high dependency on fossil fuels. This will in turn helpin estimating the annual water and electricity required to cater to the potential demand of greenhydrogen.
As a prelude to analyzing the hydrogen demand for the envisioned study period 2027 - 2045, it iscrucial to understand the key process that is on the verge of complete transformation. As HYBRIThas been found to neutralize the adverse effects of the BOF reduction process, the study revolvesaround the reduction of iron ore into sponge iron production using green hydrogen. Thistransformation to sponge iron alone has been estimated to demand a significant quantity of greenhydrogen as compared to other sectors within the county.
The iron used in the steelmaking process is currently chemically reduced from iron ore using theblast furnace route through the use of fossil resources, mainly coal or natural gas. In this process,carbon combines with the oxygen from the iron ore thereby producing metallic iron and CO2 [45]and the same is represented in  Equation 7 below according to the following simplified chemicalreaction:
2Fe2 O3 + 3C -> 4Fe + 3CO2 (7)
Figure 19  represents the detailed processes that are involved in the BOF Route of manufacturingsteel. As observed, the raw iron ore is first mined and processed into pellets which are small ballsconsisting of a mix of upgraded iron ore, oxides and additives with iron concentrations lyingbetween 66.7 and 67.8 per cent. They are further transported to the steel manufacturers who utilizethe raw iron ore pellets to produce molten metal via BOF reduction using coke that is furtherprocessed alongside scrap into different steel products.
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FIGURE 18 TRANSFORMED MAPS OBTAINED BASED ON ASSIGNING THE SUITABILITY SCORES.A) SURFACE
WATER B)TRANSMISSION LINES C) STORAGE D) RESTRICTED AREAS E) ROAD NETWORKS F) URBAN CENTRES

G) PLANNED WIND FARMS  H) IRON ORE MINES I) EXISTING WIND POWER FARMS J) WIND POWER DENSITY

FIGURE 29 TRANSFORMED MAPS OBTAINED BASED ON ASSIGNING THE SUITABILITY SCORES.A) SURFACE
WATER B)TRANSMISSION LINES C) STORAGE D) RESTRICTED AREAS E) ROAD NETWORKS F) URBAN CENTRES

G) PLANNED WIND FARMS  H) IRON ORE MINES I) EXISTING WIND POWER FARMS J) WIND POWER DENSITY
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The green steel pathway, which is also the foundation of the HYBRIT initiative has gainedtremendous recognition given its potential to de-carbonize the iron and steel industry. In thispathway, green hydrogen is utilized to directly remove (reduce) the oxygen content in the raw ironore to produce sponge iron [45] that retains its solid form and wastewater as the by-product. This isthen further processed in an Electric Arc furnace for the production of green steel. It is furthertransported to the steel manufacturers where they are fed into the Electric Arc Furnace (EAF)alongside scrap to produce molten steel that is subject to further processing. This process is knownas Direct Reduced Ironmaking (H2 - DRI).  The following Equations 8 and 9 represent the same:
Fe2O3 + 3H2 -> 2Fe + 3H2O (8)
FeO +H2 -> Fe + H2O (9)

\

Towards this, the annual green hydrogen demand for the given study period 2027-2045 has beenestimated using the following steps:
1. Iron Ore Extraction: Estimation of annual iron ore extracted in Norrbotten County.2. Sponge Iron ore Capacity Building: Estimation of sponge iron production potential from theiron ore extracted.
3. Theoretical H2 demand estimation: Quantifying the associated theoretical hydrogen demandto cater to the reduction process.

4.3.1 Iron Ore Extraction
There exist 3 iron ore mines in the country namely, Kiirunavaara Mine located in Kiruna,Malmberget Mine located near Gällivare and Svappavara Mine also located in Kiruna, all withinNorrbotten County as represented in Figure 20. Each of the three mines has anticipated future ironore extraction potential, extraction period and the scheduled iron ore extraction per year underProven and Probable Mineral Reserves [47 ,48] which is represented in the Table 17.

FIGURE 19 BLAST FURNACE ROUTE OF REDUCING IRON ORE VS
HYBRIT ROUTE [46]

FIGURE 30 IRON ORE MINES IN NORRBOTTENFIGURE 31 BLAST
FURNACE ROUTE OF REDUCING IRON ORE VS HYBRIT

ROUTE[46]



37

TABLE 17 SCHEDULED QUANTITY[8], EXTRACTION PERIOD AND AVERAGE ANNUAL EXTRACTION OF IRON ORE
(KIRUNA, SVAPPAVARA AND MALMBERGET MINES) FROM PROVEN AND PROBABLE MINERAL RESERVES

It can be observed that the final year of the extraction period in each of the mines is inconsistentand is not representative of the extraction period required for this study i.e., 2027-2045  in the caseof Malmberget and Svappavara.In order to study the iron ore extraction potential in the two minesafter 2041 and 2035 respectively, data on mineral resources classified as Measured, Indicated andInferred [47, 48] are considered in addition to the proven and probable Mineral Reserves which areessentially the next step to iron ore extraction from the mines and the same is represented in Table18. In this case, only the quantity was provided using which the average annual extraction wasestimated as follows. Firstly, using Tables 17 and 18, the time taken for extraction by the measuredand indicated iron ore reserves (tm) is estimated by considering the Quantities of measured andindicated iron ore (mq) extracted, proven and probable mineral reserves (pq) and the time taken forextraction by the proven and probable mineral reserves (tp). Following that, the scheduled averageannual extraction from each mine (Emine) is calculated by considering the quantity of measured andindicated iron ore (mq) and the time taken for extraction by those reserves (tm).
tm = 𝑚೜ ௧೛

௣೜
(10)

Emine = 𝑚೜

௧𝑚
(11)

TABLE 18 SCHEDULED QUANTITY, ESTIMATED EXTRACTION PERIOD AND ESTIMATED AVERAGE ANNUAL EXTRACTION OF IRON
ORE (KIRUNA, SVAPPAVARA, MALMBERGET MINES) FROM MEASURED INDICATED AND INFERRED MINERAL RESERVES[8]

KIRUNA MALMBERGET SVAPPAVARAQuantity (Mt) 757 284 97Extraction period(years) 2023 - 2048 2023 - 2041 2023 - 2035
Scheduled Avgannual extraction(Mt/y) 29 17 up to 2033 and 15thereafter 7.4

KIRUNA MALMBERGET SVAPPAVARAQuantity (Mt) 799 1196 688Extraction period(years) 2049 onwards 2042 onwards 2036 onwards
Scheduled Avgannual extraction(Mt/y) 29 15 14

FIGURE 20 IRON ORE MINES IN NORRBOTTEN

FIGURE 32 ANNUAL DEFICIT IN THE FORECASTED
ELECTRICITY DEMAND TO MEET THE CALCULATED

ELECTRICITY DEMAND FOR THE HYBRIT
EXPANSIONFIGURE 33 IRON ORE MINES IN

NORRBOTTEN
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Similarly, the calculations were made for the Svappavara mine. With this, the average annualextraction of iron ore for the entire study period has been established. This further aids in calculatingtotal iron ore extraction year on year. Further, it is then important to estimate the sponge ironproduction potential from the extracted iron ore as represented in Equation 12 [49].
1 ton of sponge iron requires ~ 1.5 tons of iron ore (12)
This conversion rate is used to estimate the sponge iron production potential based on thecumulative iron ore extracted from all 3 mines year-on-year which is represented in Table 19.

TABLE 19 AVERAGE ANNUAL EXTRACTION OF IRON ORE FROM 3 MINES,
TOTAL EXTRACTION CAPACITY OF IRON ORE AND SPONGE IRON PRODUCTION POTENTIAL YEAR ON YEAR

4.3.2 Sponge Iron Production Capability Building
In this step, the additional requirement of sponge iron factories' capacity to be built is establishedwithin the study period to enable the complete transformation of their processes. The developmentof the first demonstration plant of 1.35 Mt sponge iron capacity [14] is already underway and hasbeen set to commission in early 2027 following which a full-scale plant twice the capacity of thedemonstration plant of 2.7 Mt/y is scheduled for operation starting in early 2030 as stated by SSABand LKAB [14].
Taking a cue from this time interval, an addition of sponge iron capacity takes place every 3 yearsand has also been considered a reasonable estimation by SSAB and LKAB.  Furthermore, theincrease in capacity is such that, in 2030 the sponge iron factory is said to have double the capacityof the demonstration plant (1.35 Mt/y), therefore in 2033 the capacity added is assumed to be  3times the capacity added in 2027 and so on and so forth, every 3 years until the years 2045 aspresented in Table 20. It can be observed that in 2045 the cumulative sponge iron capacity factories

Year
Avg annual ironore extractionfrom Malmberget(Mt)

Avg annual oreextractionfrom Kiruna(Mt)

Avg annual ironextraction fromSvappavara(Mt)

TotalExtractionCapacity(Mt)

Sponge ironproductionpotential(Mt)2027 17 29 7.4 53 35.22028 17 29 7.4 53 35.22029 17 29 7.4 53 35.22030 17 29 7.4 53 35.22031 17 29 7.4 53 35.22032 17 29 7.4 53 35.22033 17 29 7.4 53 35.22034 15 29 7.4 51 33.92035 15 29 7.4 51 33.92036 15 29 14 58 38.32037 15 29 14 58 38.32038 15 29 14 58 38.32039 15 29 14 58 38.32040 15 29 14 58 38.32041 15 29 14 58 38.32042 15 29 14 58 38.22043 15 29 14 58 38.22044 15 29 14 58 38.22045 15 29 14 58 38.2
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added amounts to a total of 38 Mt of sponge iron capacity to achieve the complete conversion of alltheir iron ore extracted by 2045.
TABLE 20 SPONGE IRON CAPACITY BUILDS UP ONCE IN 3 YEARS AND CUMULATIVE CAPACITY YEAR ON YEAR

The sponge iron production potential from the iron ore extracted helps to determine the theoreticalhydrogen that is required in the conversion process which has been evaluated in the results section.
4.3.3 Theoretical H2 Demand Estimation
The stoichiometric consumption of hydrogen for reducing ~1.5 ton hematite (Fe2O3) is estimated tobe  54 kg [50,52] . As benchmarked in the previous section that 1.5 tons of iron ore is required toproduce 1 ton of sponge iron, it can be inferred that 54kg of H2 is theoretically required for theproduction of 1 ton of sponge iron. However, LKAB extracts high-grade magnetite [51] having thechemical notation (Fe3O4).To calculate the hydrogen demand to reduce magnetite per ton of spongeiron, the calculations are as follows:
The chemical equations that comprise the reduction reaction of iron oxides to iron
Hematite ore  : Fe2O3 + 3H2 = 2Fe + 3H2O (13)Magnetite ore : Fe3O4 + 4H2 = 3Fe + 4H2O [12]                                                                               (14)
The H2 required for magnetite ore (𝑀𝐻మ) is estimated by utilizing the stochiometric coefficients
for magnetite (Sm) and the hematite (Sh) ore and also the hydrogen required to reduce the hematiteore i.e., 54 kg.
𝑀𝐻మ = 𝑆𝑚

𝑆೓
× 54 (15)

Year Sponge iron CapacityBuilt(Mt)
Cumulative sponge ironcapacity built(Mt)2027 1.35 1.35

2028 0 1.35
2029 0 1.35
2030 2.7 4.05
2031 0 4.05
2032 0 4.05
2033 4.05 8.1
2034 0 8.1
2035 0 8.1
2036 5.4 13.5
2037 0 13.5
2038 0 13.5
2039 6.75 20.25
2040 0 20.25
2041 0 20.25
2042 8.1 28.35
2043 0 28.35
2044 0 28.35
2045 9.90 38.25
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𝑀𝐻మ = ସ
3

× 54 = 72 kg of H2
Building upon the previous step, the associated annual hydrogen demand (𝐷𝐻మ) is determined by
applying Equation 16 to the projected growth in sponge iron capacity (Sn, where n denotes the year)as established in Table 20.
𝐷𝐻మ = 𝑀𝐻మ 𝑆௡ (16)
For instance, from Table 20 , in 2027, the calculation is as follows,
72 ×1.35 ~ 97 kt of H2

Similarly, the annual hydrogen demand based on this calibrated incorporation of sponge ironfactories through the study period has been calculated as presented in the results section.
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5. Results and Discussions
Reflecting on the main research questions, the results delve into the estimation of annual hydrogendemand, calibrated electrolyser capacity and efficiency required followed by final electricity andwater adequacy in Norrbotten County to cater to this demand. Furthermore, the results from thesuitability analysis have also been presented and discussed to locate the most suitable sites to caterto this green hydrogen expansion.
5.1 Theoretical H2 Demand
The method in section 3.3.2 is utilized to further calculate the annual theoretical hydrogen demandrequired for the sponge iron production as represented in Table 21. It can be observed that 97 kt isdemanded annually in the period between 2027-2029 given there is no additional sponge ironcapacity in the given period. However, an additional capacity of 2.7 Mt sponge iron capacity can beobserved in 2030 from Table 20 due to which the cumulative capacity of sponge iron in 2030 isobserved to be 4.05 taking into account the 1.35 sponge iron capacity which amounts to a cumulativehydrogen demand of 292 kt. Similarly, the cumulative theoretical hydrogen demand is calculatedyear-on-year and suggests a total hydrogen demand of 2.7 Mt for the production of 38.25 Mt offossil-free sponge iron from 2045 onwards.

TABLE 21 ESTIMATION OF THEORETICAL H2 DEMAND FOR SPONGE IRON PRODUCTION

The estimations on the hydrogen demanded further can be used to arrive at the required electrolyzerefficiency to meet the theoretical demand for hydrogen that has been previously established year onyear. The system efficiency is assumed to include stack efficiency, auxiliary power consumption,stack energy losses, and electrical losses in the installations. Furthermore, the operation hours peryear (h) for an electrolyser are said to fall between 2000 and 7500 hours [53], therefore this studyconsiders the maximum number of hours it could potentially run i.e., 7500 hours. A 700 MW

Year Cumulative spongeiron capacity(Mt)
Cumulative theoreticalH2 demand(kt)2027 1.35 972028 1.35 972029 1.35 972030 4.05 2922031 4.05 2922032 4.05 2922033 8.1 5832034 8.1 5832035 8.1 5832036 13.5 9722037 13.5 9722038 13.5 9722039 20.25 14582040 20.25 14582041 20.25 14582042 28.35 20412043 28.35 20412044 28.35 20412045 38.25 2754
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electrolyser (Ecap) has been planned for the 1.35 Mt sponge iron factory in 2027 [1,14] whichtheoretically demands 97 kt of H2. As a first step, the minimum electrolyzer efficiency (ηmin) to meetthis demand of 97 kt ( ୌమ) is determined to set a baseline requirement. The formula utilized to
determine this is as follows;
𝐷𝐻మ = ா𝐶ೌ೛ ௛ ఎ𝑚೔೙

𝐻𝐻௏𝐻మ
(17)

97 = 700 7ହ00 ఎ𝑚೔೙
3ଽ ସ

Therefore the minimum electrolyzer efficiency to meet the theoretical demand for hydrogen for thesponge iron transformation is 73%. In reality, however, there is potential for an increase in theelectrolyzer efficiency within the time period 2027-2045. In that case, electrolyzers will have thepotential to produce more hydrogen which they can cater to other beneficiaries apart from satisfyingthe theoretical hydrogen demand for the sponge iron transformation depending on the quantitydemanded.
This further aids in the estimation of the required capacity of electrolyzers in the period2027-2045. Given that a 700MW (Ecap) electrolyzer facility has been planned for a 1.35 Mt spongeiron factory (Syear1)  in 2027 with a minimum electrolyzer efficiency requirement of 73%, the totalelectrolyzer capacity required ( Etot) for the production of 38 Mt of sponge iron ( Stot) which is thetotal amount to be transformed by 2045 amounts to approximately 20 GW using Equation 18.
Etot = ா೎ೌ೛ 𝑆೟𝑜೟

𝑆೤೐ೌೝభ
(18)

Etot = 700 38
ଵ 3ହ

~ 20 GW
5.2 Electricity and Water Requirement

With the annual hydrogen demand estimated in the previous section, this section further determinesthe associated electricity and water demand from the process and evaluates any potential deficit inresource availability to cater to the demand as discussed in Section 3.1.1 and 3.1.2.
5.2.1 Electricity Component
It has been established that 1 kg of hydrogen has a higher heating value of 39.4 kWh/kg. Thereforethis value also suggests that an electrolyzer of 100% can entirely convert this electrical energy storedper kg of hydrogen into chemical energy using 39.4 kWh/kg of power. With this ideal assumption,the electricity demand has been first determined year on year as determined annually and the sameis represented in Table 18. To determine the electricity demanded (ED), Equation 19 has beenutilized.
ED = 𝐷𝐻మ 𝐻𝐻௏𝐻మ

ଵ000
(19)

ED = ଽ7 3ଽ ସ
ଵ000

~ 3.8 TWh
Similarly, the electricity demand in an ideal case has been determined annually. The cumulativeelectricity demand by 2045 amounts to 108 TWh which has also been corroborated by LKAB [14].
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The next step is to determine the electricity demand with the realistic efficiencies factored in and inthis case is considered to be 73% as determined previously to obtain the theoretical hydrogendemanded by the process. The ideal electricity demand to convert 1.35 Mt sponge iron annuallyrequires 3.8 TWh of electricity ( Eoutput) as determined in Equation 19. However, with an electrolyzerefficiency of 73%, the electricity demanded (Einput) is calculated as represented in Equation 20 forthe year 2027.
Einput = ா𝑜ೠ೟೛ೠ೟

ఎ೐𝑙೐೎೟ೝ𝑜𝑙೤೥೐ೝ
(20)

Einput = ~ 5.2 TWh
Similarly, calculations are done over the time period to estimate the annual electricity demand withan electrolyzer efficiency of 73% and the same can be represented in Table 22. The cumulativeelectricity demanded amounts to ~148 TWh indicating 40 TWh additional electricity demanded ascompared to the ideal scenario. In reality, however, there is potential for an increase in theelectrolyzer efficiency within the time period 2027-2045 which can potentially reduce the electricitydemand. Schneider Electric [54] states that the current electrolyzer efficiency is approximately 50%.The report further emphasizes that industries should aim to achieve at least 75% efficiency by 2050,indicating that electrolyzer efficiency may range between 50% and 75% until then. Factoring thisin Table 22, a new scenario is created where the electrolyzer efficiency equals 73% in the first 9years of the study period and 75% from 2036-2045. This would result in a few TWh less of thecumulative electricity requirement by 2045 ~ 144 TWh however is in the ballpark range of 150TWh of electricity. This is a major engineering challenge and efforts to accelerate the efficienciesare crucial to lower the electricity demand.

TABLE 22 ESTIMATION OF ANNUAL IDEAL VS ACTUAL ELECTRICITY DEMAND TO ACHIEVE HYDROGEN DEMANDED

Year Cumulativetheoretical H2 demand(kt)
Ideal Electricitydemand (TWh)

Minimum Electricitydemand with 73%electrolyzer efficiency(TWh)

Electricity demand with73% and 75% electrolyzerefficiency(TWh)2027 97 3.8 5.2 5.2
2028 97 3.8 5.2 5.2
2029 97 3.8 5.2 5.2
2030 292 11.5 15.7 15.7
2031 292 11.5 15.7 15.7
2032 292 11.5 15.7 15.7
2033 583 23.0 31.5 31.5
2034 583 23.0 31.5 31.5
2035 583 23.0 31.5 31.5
2036 972 38.3 52.5 51.1
2037 972 38.3 52.5 51.1
2038 972 38.3 52.5 51.1
2039 1458 57.4 78.7 76.6
2040 1458 57.4 78.7 76.6
2041 1458 57.4 78.7 76.6
2042 2041 80.4 110.2 107.2
2043 2041 80.4 110.2 107.2
2044 2041 80.4 110.2 107.2
2045 2754 108.5 148 144
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All the data put together from the electricity analysis in Chapter 4.1.2, including the forecastedelectricity demand, installed renewable capacity and the electricity demand for sponge irontransformation estimated in Table 22 have been plotted as shown in Figure 21. The figure illustratesthe deficit between the forecasted installed capacity and the expected demand in the SE1 biddingzone through the sponge iron transformation. It is observed that from the year 2039 onwards, thereis a year-on-year deficit in the forecasted demand for electricity as established in section 4.1.2 vsthe electricity demand purely to cater to the HYBRIT expansion (representing scenario 2 with 73%and 75% efficiencies) which is represented in the grey shaded region. This deficit is equivalent to115 TWh as observed in Figure 21 and could be made good by an additional wind capacity of28 GW, assuming that 8 TWh reflects 2 GW of wind power capacity [33].

5.2.2 Water Component
The efficiency of the electrolyzer primarily affects the amount of electrical energy required toproduce a certain amount of hydrogen, but it does not directly impact the stoichiometry of theelectrolysis reaction which determines the amount of water consumed per unit of hydrogenproduced. This means that the amount of water consumed is fixed based on the stoichiometry of thereaction and the quantity of hydrogen produced. Therefore, regardless of the efficiency of theelectrolyzer, the amount of water consumed per kilogram of hydrogen produced remains constantbased on the chemical reaction itself and is not directly affected by the efficiency of the electrolyzer.However,  in reality, a higher quantity of water is required to factor in the losses as some water maynot potentially end up as hydrogen and oxygen and leave the system unprocessed. For the purposeof calculations, an average water consumption of 10 l/kg of hydrogen has been considered.
Using this conversion, the water consumption in the time period has been determined annuallytaking into consideration the theoretical hydrogen demand and amounts to a cumulative requirementof 28 Mm3 by 2045. The same is represented in Table 23.

FIGURE 21 ANNUAL DEFICIT IN THE FORECASTED ELECTRICITY DEMAND TO MEET THE
CALCULATED ELECTRICITY DEMAND FOR THE HYBRIT EXPANSION

FIGURE 34 ANNUAL DEFICIT IN THE FORECASTED ELECTRICITY DEMAND TO MEET THE
CALCULATED ELECTRICITY DEMAND FOR THE HYBRIT EXPANSION
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TABLE 23 ESTIMATION OF ANNUAL WATER DEMAND

The surface water availability is estimated in context with the surface water analysis performed in4.1.1 after accounting for the surface water consumption by other sectors. To assess the total surfacewater available for use (T) to cater to the HYBRIT expansion and other projects in NorrbottenCounty , the total surface water resources available annualy in the Bothnian Bay RBD (Stot) hasbeen considered alongside the total annual surface water abstraction (SAtot). The total surface waterabstraction is estimated by taking the average figure as presented in section 4.1.1.
T = Stot – SAtot (21)
In that case ,  75Bm3 – 253Mm3 = 74.74 Bm3 of water available for use  in 2045.
The results from the analysis imply that water demand purely for the sponge iron transformationamounts to approximately 28 Mm3 by 2045. This implies approximately 0.05% of the total surfacewater available in the study period 2027-2045 will be consumed for the purpose of this envisionedsponge iron transformation as observed in Figure 22 where the red segment represents the same.This is based on the assumption that 1kg of H2 would require 10 L of water alongside anticipatingan increase in precipitation and resulting freshwater resources every decade in Northern Sweden.

Year Cumulativetheoretical H2demand (kt)
Waterdemand(Mm3)

2027 97 1
2028 97 1
2029 97 1
2030 292 3
2031 292 3
2032 292 3
2033 583 9
2034 583 9
2035 583 9
2036 972 10
2037 972 10
2038 972 10
2039 1458 16
2040 1458 16
2041 1458 16
2042 2041 23
2043 2041 23
2044 2041 23
2045 2754 28



46

5.3 Suitability Maps
Figure 23a represents the final suitability map that has been obtained through the MulticriteriaOverlay Analysis via the Suitability Analysis Modeller on ArcGIS Pro. This has been created afterintegrating all the transformed maps as observed in section 4.2.3. It can be observed that the greenareas represent high suitability up to 4.32, yellow areas represent moderate suitability and the redregions represent low suitability and are as low as 1.06. Furthermore, Figure 23b overlays therestricted zones on the suitability map to provide better clarity on whether the suitability analysishas been performed correctly. It indicates that the prominent green areas have not been impacted oroverlapped by the restricted zones implying a good level of accuracy in the suitability analysis.Moreover, it indicated the areas that are completely off-limits for the establishment of greenhydrogen projects. The following segment discusses in more depth the selection and statistics ofindividual locations for ease of analysis.

FIGURE 23 A) FINAL INTEGRATED SUITABILITY MAP B)
SUITABILITY MAP OVERLAYED WITH THE RESTRICTED ZONES

FIGURE 22 ANNUAL SURFACE WATER DEMAND PROPORTION VS AVAILABILITY

(a) (b)
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5.3.1 Zonal Analysis
This segment aims is to further analyze the most suitable locations for the development of thesponge iron capacity within the period 2030-2045. Since the demonstration plant of 1.35 Mt spongeiron capacity has already been decided for establishment in the Malmberget, Gallivare municipalityin 2027, the GIS analysis takes into consideration all plans post 2030. Most suitable locations willbe analyzed in depth and the best locations will be recommended based on higher suitability score% and the proximity to the mines. This can be quantified via the pixel count within each of theseregions given that the value of the suitability score is stored within each pixel on the suitability mapthat has been generated. Therefore, areas with a higher percentage of a desired suitability score willbe identified and extracted as further recommendations for surveying.
To do so Norrbotten County is first divided into 110 zones having a cell size of 100×100 planar sqkm each. The same can be represented in Figure 24, with each cell corresponding to a zone. Next,the % of suitable pixels in each zone is studied. To perform this analysis the suitability map is firsttransformed into a binary raster using a raster based on three specific suitability score scenarios.The first scenario considers a value of 2.6 (the average of the lower and upper band value i.e., 1.01and 4.28) and uses the raster calculator by assigning pixels with suitability scores > 2.6 as 1 and therest as 0. Similarly,  a binary raster is created to determine the pixels with suitability scores greaterthan 3 and greater than 3.5. Figures 25 a,b and c represent the binary maps obtained with suitabilityscores greater than 2.6, 3 and 3.5. It can be observed that the number of zones with higher suitabilitydecreases with the increasing suitability score.

FIGURE 24 DIVISION OF SUITABILITY MAP INTO ZONES



48

Table 24 represents the detailed percentage of suitability scores of 22 zones suitability score havingmore than 30% of the pixels with a suitability score greater than 2.6. Setting 2.6 as the baselinesuitability score for this study, the zones in the instant case have been further studied to determinethe percentage of pixels having suitability scores greater than 3 and 3.5.

FIGURE 25 A ) BINARY RASTER FOR SCENARIO 1 WHERE PIXELS WITH SUITABILITY SCORES > 2.6 ASSIGNED 1 AND
THE REST 0 , B) BINARY RASTER FOR SCENARIO 3 WHERE PIXELS WITH SUITABILITY SCORES > 3 ASSIGNED 1 AND

THE REST 0 , C) BINARY RASTER FOR SCENARIO 2 WHERE PIXELS WITH SUITABILITY SCORES > 3.5 ASSIGNED 1 AND
THE REST 0

(a) (b)

(c)
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TABLE 24 REPRESENTATION OF PERCENTAGE OF SUITABILITY SCORES FROM THE 3 SCENARIOS IN 22 ZONES

5.3.2 Selected Zones
To further narrow down the best-suited zones, the proximity to the demand points is further analyzedas presented in Table 25. Zones F1, G5, G6, G7, G8, E10 and F6 have been selected as shown inFigure 28 as a result of these zones having a high % share of suitability score greater than 2.6 andare also visibly the best locations to further study the potential of green hydrogen production due totheir proximity to the mines as compared to the other zones observed on the map.
Zones D4, D5 and E5 comprise the mines, however, the study suggests that these zones indicate alower suitability score to accommodate larger capacities of electrolyzers due to the presence ofnumerous restricted zones in the vicinity, thereby serving as a limitation. It can also be observedfrom Figure 26 that G5 – G7 zones primarily lie in Jokkmok County suggesting a high potential forgeographical availability and accessibility to major resources for green hydrogen productionfollowed by zones F1 and F6 concentrated in Gallivare.

Grid % of suitablepixels > 2.6 % of suitablepixels > 3.0 % of suitablepixels >3.5
MaxsuitabilityscoreJ5 42.6 22.74 0 3.47

J6 59.6 39.53 14.16 3.97
I6 35.2 5.66 0 3.26
I7 35.7 7.8 0 3.35
I9 61.1 28 5.9 4.09
H9 49.7 27.78 5.28 3.95
G4 43.1 21.11 3.41 3.76
G5 62.4 43.49 13.03 3.95
G6 51.3 22.59 2.72 3.89
G7 49.7 26.29 7.87 3.95
G8 38.3 11.32 0 3.44
G9 51.5 13.59 0.65 3.68
F1 72.9 55.22 23.88 4.15
F5 45.4 15.2 0.43 3.72
F6 36.8 9.45 1.26 3.63
F8 30.0 5.95 0.82 3.68
F9 35.2 12.8 3.43 3.95

F10 52.5 20.8 5.43 4.02
E1 70.8 67.53 51.3 4.31
E5 33.5 6.22 0 3.29
E9 50.5 22.73 7.27 3.95

E10 54.5 27.5 6.5 3.84
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TABLE 25 PROXIMITY OF THE MOST SUITABLE ZONES FROM THE IRON ORE MINES

5.4 Hydrogen demand from other potential beneficiaries
The suitability map obtained has the potential to be utilized for the establishment of green hydrogenprojects to cater to other beneficiaries in the county. Even as the green hydrogen demand from otherbeneficiaries merits a separate comprehensive study, an effort has been made here to assess andevaluate a few of the possible beneficiaries for better appreciation.
Biogenic emissions from the Swedish pulp and paper industry and combined heat and power plants(CHPs) could serve as significant feedstock for e-methanol production, as suggested by Uniper [14].E-methanol is a clean liquid fuel to cater to the transportation sector that is produced by combininggreen hydrogen and captured carbon dioxide. An interview during this thesis work with Unipercorroborates this potential and highlights the long-term impact on e-methanol production. Anadvantage of using CO2 emissions from the pulp and paper industry over CHPs is the stability ofemissions production. Furthermore,  the pulp and paper industry was suggested to have more

Kiruna(km) Gallivare(km) Svappavara(km)F1 <150 <200 <200
F6 <150 <75 <135
G5 <150 <100 <150
G6 <175 <100 <150
G7 <200 <140 <180
G8 <250 <200 <150
E10 <300 <200 <250

FIGURE 26 EIGHT SELECTED ZONES : F1 , F6 , E10 , G5 , G6 , G7 , G8
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potential as it typically relies on a consistent supply of wood or pulp as its primary feedstock andoperates year-round, resulting in a predictable combustion process and stable emissions throughoutthe year. In contrast, CHP plants may experience fluctuations in emissions due to varying energydemands, as they adjust production based on electricity requirements.
Moreover, it has been suggested by Uniper that at least 100 kt of CO2 is required to establish one e-methanol plant. Subsequently, the emission volumes [55] from the respective pulp and paper mills/ CHPs individually as well as the combined volumes have been obtained and have been observedto meet the minimum demand thereby suggesting the potential for e-methanol establishments in thecounty. The associated e-methanol production potential and green hydrogen demand from theemission volumes as represented in Table 26 have been estimated based on equation 22 [56].
1.373 t CO2 + 0.188 t H2 = 1 ton e-methanol (22)

TABLE 26 H2 DEMAND ESTIMATION FROM OTHER BENEFICIARIES

Plant Type Plant Name Total CO2Emissions(kt)
E -MethanolProductionPotential(Mt) H2 Demand(kt)

Pulp and PaperMills
Billerud Karlsborgs bruk

2677 1.9 365.096SCA Munksunds pappersbruk
Smurfit Kappa Kraftliner Pitea

CombinedHeat andPower
Bodens varmerverk

1999 1.5 272.6Kiruna vameverk
Luleå kraftvarmeverk

All 4676 3.4 637.696

From Table 26, it can be further observed that 637 kt is the estimated combined H2 demand, if allthe biogenic emissions from both pulp and paper mills as well as combined heat and power plantsare considered. This translates approximately into 4.6 GW of electrolyzer capacity required to caterto the same that has been estimated using Equation 23 [ 57] and corroborated by the assumptionsmade in section 5.1. This could potentially result in an emission reduction of 4.7 Mt of CO2emissions.
1 MW electrolyzer produces ~ 400 kg H2 day (23)
With the potential increase in the efficiency of the electrolyzer over time with technologicaladvancements for sponge iron production, there could be an increase in hydrogen output.Centralizing electrolyzers to cater to the requirements of both sponge iron and e-methanolproduction plants could be feasible if the green hydrogen is assumed to be transported to the CHPsand paper and pulp plant locations given that the electrolyzer capacity required to cater purely to e-methanol production is 4 times less than the 20 GW required for sponge iron production asestablished in section 5.1. This could avoid the need for setting up new infrastructure solely for e-methanol, requiring additional resources. With a suitability map developed for the sponge irontransformation, the same locations can be utilized to study the potential development of centralizedgreen hydrogen production infrastructure for the above-discussed other beneficiaries. If alocation/site is close enough to serve sponge iron and e-methanol production it could makeeconomic sense. For instance, the pulp and paper mills and the CHPs in the county are plotted in
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Figure 28 which indicates its proximity to zones G5 - G8 and E10 which can be further exploredfor green hydrogen production.
Now that the zones have been established, it is crucial to delve into the sustainability implicationsof the methodology. This would uncover the broader environmental, economic, and social impactsaffected by the methodology and provide insight into how these factors interplay within the contextof green hydrogen production.

5.5 Sustainability
The spirit of sustainable Development (SD) is an integral part of this study considering theambitious goals for sustainability set by the Swedish government including going fossil-free by2045 and 100% renewable energy. This transition calls for a major transformation of energy-intensive industries particularly the hard-to-abate sectors such as the one chosen for this research iethe iron and steel industry while ensuring environmental integrity, and intragenerational andintergenerational equities. This study primarily concentrates on the goal towards achieving a 100%fossil-free sponge iron transformation by 2045 while preserving the natural resource base aligningwith the national sustainability goal. Norrbotten County being the target region of this research,factors in environmental integrity during the multi-criteria analysis of the resources required for thisambitious transformation. The shift from traditional fossil-fuel-based dependency on energy-intensive industries to harnessing the incredible potential of green hydrogen is slowly but surelybecoming a game changer in terms of scalability to support the national mission to mitigate climatechange while aligning with Sweden’s ambitious sustainability goals. Also, this research maps thetechnological, economic and environmental factors while taking into account the needs of otherbeneficiaries as they are critical to the sustainable scalability of this transformation. This couldpotentially attract local, national and foreign collaboration and investments, thereby enhancing theregion's economic resilience and breeding innovation culture and could also generate employmentopportunities, enhance skill and knowledge besides achieve energy security.

FIGURE 27 SUITABILITY MAP WITH SELECTED ZONES AND REPRESENTATION OF THE
PULP AND PAPER MILLS AND CHPS IN THE COUNTY
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The site suitability assessment towards expansion of green hydrogen production capacity beingcore to this research to achieving fossil-free industrial transformation in Norrbotten County,considers various factors such as proximity to renewable energy sources, surface water availability,land use, environmental impact, and logistical aspects. This approach is expected to bring all theconcerned stakeholders at the regional and national levels onto the same page to appreciate the bigpicture, frame/tweak policies and make informed decisions by right balancing of environmental,economic and social priorities impacting the environmental integrity and equity (Intergenerationaland Intragenerational). Establishing the right mix of renewable sources to cater to the Green H2capacity expansion, decisions associated with creating industrial clusters in the region towardsachieving economies of scale, supporting energy market stability, and reducing overall costs bycompetitive distribution networks and other key infrastructure are some of the foreseeable outcomesthat could be derived from the research. Furthermore, establishing and standardizing buffer zonesaround restricted areas and areas of cultural importance, while involving local communities and thepublic in the decision-making process, can help identify regions that should be off-limits for large-scale green field projects. The estimated 20 GW of electrolyzer capacity and the associated large-scale expansion in electricity, requirements must be approached by factoring all three facets ofsustainability to allow for a swift and smooth transition.
Currently, as per the UN SD Transformation Centre’s 2024 report [58], Sweden ranks secondglobally with an SDG score of 85.7 only after Finland (86.35). This research template andmethodology if replicated in other energy-intensive and fossil fuel-dependent sectors, potentiallyhave a far-reaching impact (impact quantification is outside the scope of this research) on Sweden’sNationally Determined Contributions (NDCs) and its commitment to UN SDGs primarilyaddressing SDG 7 (Ensure access to affordable, reliable, sustainable and modern energy to all),SDG 13 (take urgent action to combat climate change and its impact). The research outcomes couldalso indirectly address SDG 9 (building resilient infrastructure, promoting inclusive, sustainableindustrialisation and fostering innovation) and finally SDG 17 (strengthening the means ofimplementation and revitalising the global partnership for sustainable development).
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6. Conclusions
This study has analyzed in detail, the year-on-year capacity expansion of the sponge iron productionfacilities and the associated resource requirements (electricity, water and an electrolyzer of desiredefficiency) which match the theoretical hydrogen demand. These results are beneficial for severalreasons; firstly knowing the calibrated capacity expansion of sponge iron facilities year-on-yearfacilitates informed decision-making, resource planning and procurement of electrolyzer ofappropriate capacity, aids in strategising production plan over time, streamlining supply chainupstream management and forecasting required investments more effectively.
The study further estimates a 20 GW addition of electrolyzer capacity to cater to the 100% spongeiron transformation that requires a substantial amount of electricity thereby necessitating swift andtimely action to meet such large-scale demands. Although the path to decarbonizing the steelindustry requires substantial resources, it is crucial to prioritize this goal early on to motivate andimpel other steel industry players worldwide. To realize the green field projects of such largecapacities, it is essential to assess the geographical availability and accessibility to resources.Subsequently, the study thoroughly applies the MCA to determine the most suitable locations inNorbotten County where the three mines are currently located. In conclusion, it is evident from theanalysis that there are suitable locations that are concentrated in the Jokkmok and Gallivare countieswhich finds strong recommendations. In this regard, the future scope of this work revolves aroundconducting a more in-depth assessment of the identified zones to evaluate the potential and quantifythe available resources in the given regions. Furthermore, evaluating the optimal mode oftransportation would shed additional insight into logistical costs and the feasibility of establishingstorage/pipeline networks. Lastly, assessing the economic viability of establishing the entireinfrastructure will be crucial for determining the overall feasibility of the project.
Additionally, while the study under the established scope, evaluates Norrbotten Countycomprehensively, there is a plethora of scope for future study that could add significant value to thescalability and decarbonisation mission of SSAB, LKAB and Vattenfall through the HYBRIT.These may involve and not limited to conducting similar studies of other counties in Sweden, otherSSAB locations in Finland and the USA, analysing safety and risk involved in transportation andstorage, the necessity of centralizing and integrating hydrogen clusters, overall potentialenvironmental impact analysis, thorough geophysical analysis of underground cavern storage andsubsequent Cost-Benefit analysis/economies of scale of this envisioned green hydrogen transition.This approach could enable the prioritization of high-impacting business cases in maximizing theuser base and economic value derived from green hydrogen potential.
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