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EXECUTIVE SUMMARY

Globally, it is increasingly recognised by governments and industry that hydrogen has an important
role to play in delivering carbon emission reduction ambitions and supporting the transition to Net
Zero.

In the UK, hydrogen has been identified by national and devolved governments as a credible key
pathway for achieving Net Zero Targets. Indeed, the UK’s Hydrogen Strategy! suggests that 250 —
460 TWh of hydrogen could be needed by 2050, making up 20 — 35% of the UK'’s final energy
consumption. The primary role of this hydrogen would be to replace (or extensively displace)
natural gas in parts of the energy system, and / or to act as an energy storage medium.

In the context of this study, only low / zero carbon hydrogen is considered, and in the current
landscape, the associated hydrogen production processes comprise:

1 Green hydrogen production (Electrolysis with renewable electricity); and,

1 Blue hydrogen production (Steam hydrocarbon (methane) reformation coupled with
carbon capture).

Such hydrogen production produces very substantial quantities of waste heat and, to date, very
little attention has been given to this significant by-product, and the opportunities it presents if
captured and utilised.

This study seeks to address this knowledge gap, and the scale thereof.

Indeed, as the scale of hydrogen production infrastructure grows, the quantity of available waste
heat will also grow.

This presents substantial opportunities, including the decarbonisation of both existing and new
district heating networks, with associated opportunities to:

1 Increase energy efficiency and revenue to hydrogen producers; and,

1 Increase the availability of low cost, low carbon waste heat for heat users and suppliers
(e.g. district heat network operators).

In terms of increasing the availability of low cost, low carbon waste heat for heat
users, it has been estimated that by 2050 the quantity of waste heat arising as by-
product of hydrogen production could be between 31 to 144 TWh?Z.

This is equivalent to:
1 Up to 13196 of the UK domestic space heating demand?; and,
1 Up to 27% of the total UK heating demand*.

Further, the literature review indicated that recovering waste heat from some hydrogen production
processes (particularly green hydrogen production) should not have any negative impact on
process efficiency. Indeed, various literature sources suggest that the system efficiency of
electrolyser plants can increase by 14 to 32%b6 by recovering waste heat.

This directly contradicts the opinion that hydrogen production and heat networks are in competition
with each other, and these observations suggest there are clear and potentially very significant
synergies between the hydrogen and heat sectors.

1 ‘UK Hydrogen Strategy’ (Department for Business, Energy and Industrial Strategy, 17 August 2021). Available online at:
https://www.gov.uk/government/publications/uk-hydrogen-strategy

2 Based on the UK’s Hydrogen Strategy projection of 250 — 460 TWh of hydrogen by 2050, and assuming a production
efficiency of 80%, and a heat loss between 10 — 25% of input energy.

3 Assuming UK domestic space heating demand between 110 — 250 TWh (to achieve Net Zero Targets).

Source: ‘Future Energy Scenarios’ (National Grid, July 2021). Available at:
https://www.nationalgrideso.com/future-energy/future-energy-scenarios/fes-2021/documents

4 Assuming total UK heating demand of 540 TWh.

Source: ‘Opportunity Areas for District Heating Networks in the UK: National Comprehensive Assessment of the Potential for
Efficient Heating and Cooling’. (Department for Business, Energy and Industrial Strategy, September 2021). Available at:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1015585/0pps_for_dhnnca

hc.pdf
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An exploration of these synergies provided the focus for this study and involved the identification of
waste heat streams arising from any hydrogen production process, and capture and utilisation of
this heat within adjacent heat networks. Noting the hydrogen production processes, the study
focussed on several identified ‘cluster’ areas where both the hydrogen and heat sectors are
understood to be rapidly evolving in tandem. These areas comprised:

] Aberdeen City;
] Leeds City; and,
1 The Humber Region (split into Beverley, Hull and South Humber).

Across each cluster, planned and potential hydrogen production and district heating network
developments were identified and mapped.

Subsequently, a technical assessment was undertaken to shortlist a single preferred synergy
opportunity to be taken forward into an economic assessment, with the economic assessment
undertaken to determine the associated viability of the shortlisted synergy opportunity.

Within the technical assessment screening, the following criteria were applied: waste heat
availability; heat demand; proximity / distance of hydrogen production to district heat network;
heat quality (heat temperature); hydrogen production growth potential; district heating network
growth potential; level of stakeholder interest; timescale to implementation; and, transferability.

Based on the technical assessment, South Humber (from the Humber Region) was selected as the
preferred synergy to be taken forward for the economic modelling and assessment. This synergy
presents three hydrogen projects planned in close proximity; two very substantial (2 x 100MW)
green hydrogen projects, and another large (700 MW) blue hydrogen project. In addition, within
the South Humber region, there are also several potential heat networks which have been subject
to previous feasibility studies, and identified as potentially viable.

Based on the economic assessment, the Table provides a summary of the impacts of waste heat
recovery for the South Humber synergy.

Table: SUMMARY OF THE IMPACTS OF WASTE HEAT RECOVERY FOR THE SOUTH HUMBER SYNERGY

Hydrogen Production District Heating Network
Technical 1 Improved system efficiency 1 Improved efficiency of heat supply
1 Reduced auxiliary power consumption equipment
1 Minimal modification requirements to | 1 Reduced energy consumption
the plant 1 Additional network infrastructure
1 Additional space requirements requirements

! Additional thermal storage and
controls requirements

Commercial {1 Additional revenue streams and 1 Additional capital costs
savings 1 Lower operating costs
1 Enhanced business case 1 Enhanced business case
T Improved revenues from hydrogen 1 Reduced cost to the consumers
sales
Environmental 1 Reduced carbon emissions { Carbon savings

1 Air quality cost benefits

The economic assessment was performed for a green hydrogen project. However, the synergy
concept is also applicable for the blue hydrogen projects.

A main conclusion from the economic assessment is that it is technically feasible to
recover waste heat from hydrogen production without negatively impacting the
production, and that it is economically attractive to utilise this waste heat to supply
district heating networks compared to the counterfactual scenario using air source heat
pumps.

In particular, noting the selected South Humber synergy and the associated economic
modelling, there is a technically and economically feasible project opportunity.
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For the South Humber synergy, the economic assessment also noted that the project presented an
attractive business case for both the hydrogen production and district heat network operators, with
following key financial results:

1 For the hydrogen production operator: Projected IRR of 14%, with a positive NPV.

1 For the district neat network operator: Projected IRR of >4%, with positive NPV
(compared with counterfactual scenario projected IRR of <1% IRR).

Additionally, in comparison with the counterfactual scenario using air source heat pumps, the
South Humber synergy could:

1 Reduce the heating cost to the consumers by approximately 20%; and,
] Reduce carbon emissions by over 50%.

The sensitivity assessment suggested that the success of the project is highly dependent on the
following factors:

1 High Heat Demand and Availability of Waste Heat:
The project is highly sensitive to the availability of waste heat and heat demand.
Therefore, the sufficient availability of waste heat and heat load is critical to make the
project feasible.

] Capital Cost:
The project is also very sensitive to the initial capital cost. Consequently, following
enablers are identified to minimise the initial capital investment:

- Waste heat temperature higher than the network operating temperature;

- Lower network operating temperatures (e.g. for new developments and more
efficient heating systems);

- Close proximity of hydrogen projects from heat clusters; and,
- Availability of grant funding.

1 Heat Sale Rate:
Heat sale rate will also have a significant impact on the project performance. In most
cases, the heat sale rate will depend on the availability of other low-cost heat alternatives
and hence the early assessment of other alternatives and the strategic placement of the
project is crucial.

The overarching conclusion of this Study is that significant economic, environmental and
social benefits are associated with heat recovery from hydrogen production, and its
auxiliary processes.

However, for such benefits to be realised, hydrogen production projects would have to
be placed in close proximity to heat clusters. This not only provides an opportunity to
develop local clean sources of hydrogen (with the potential to attract new businesses to
the area), but also forms a key part of the decarbonisation of energy, and could
significantly accelerate the UK’s decarbonisation of heat.

The main recommendation, given the significant environmental, economic and social
benefits, is to carry out further and more detailed assessment of the synergy
opportunities identified.
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1 INTRODUCTION
1.1 Background

Globally, it is increasingly recognised by governments and industry that hydrogen has an important
role to play in delivering carbon emission reduction ambitions and supporting the transition to Net
Zero.

In the UK, hydrogen has been identified by national and devolved governments as a credible key
pathway for achieving Net Zero Targets®. Indeed, the UK’s Hydrogen Strategy® suggests that 250
— 460 TWh of hydrogen could be needed by 2050, making up 20 — 35% of the UK’s final energy
consumption. Recent analysis” has suggested that the primary role of this hydrogen would be to:

1 Replace (or extensively displace) natural gas in parts of the energy system where
electrification is not feasible / is prohibitively expensive®; and / or,

1 Act as an energy storage medium®.

The current focus of UK hydrogen policy, and associated research and development, has been on
these two key areas.

However, such hydrogen production also produces very substantial quantities of waste heat and, to
date, very little attention has been given to this significant by-product, and the opportunities it
presents if captured and utilised.

This study seeks to address this knowledge gap, and the scale thereof.

Indeed, as the scale of hydrogen production infrastructure grows, the quantity of available waste
heat will also grow. This presents substantial opportunities, including the decarbonisation of both
existing and new district heating networks, with associated opportunities to:

1 Increase energy efficiency and revenue to hydrogen producers; and,

1 Increase the availability of low cost, low carbon waste heat for heat users and suppliers
(e.g. district heat network operators).

To put the latter into context, it has been estimated that by 2050 the quantity of waste heat arising
as a by-product of hydrogen production could be between 31 to 144 TWh?°,

This is equivalent to:
] Between 13 to 131% of the UK domestic space heating demand''; and,
] Between 6 to 27% of the total UK heating demand?*?.

This directly contradicts the opinion that hydrogen production and heat networks are in competition
with each other, and these observations suggest there are clear and potentially very significant
synergies between the hydrogen and heat sectors.

An exploration of these synergies provided the focus for this study, which required strategic
assessment of potential synergies, taking account of existing, planned and potential future

5 The UK Government’s 2050 ‘Net Zero’ Target, set via the 2019 amendment to the 2008 Climate Change Act, requires a 100%

reduction of all greenhouse gas emissions compared with 1990 levels. The original 2008 Climate Change Act required an 80%

reduction of all greenhouse gas emissions compared with 1990 levels. Amended 2008 Climate Change Act available at:

https://www.legislation.gov.uk/ukpga/2008/27/contents

6 ‘UK Hydrogen Strategy’ (Department for Business, Energy and Industrial Strategy, 17 August 2021). Available online at:

https://www.gov.uk/government/publications/uk-hydrogen-strategy

7 For example: ‘Hydrogen in a Low Carbon Economy’ (Committee on Climate Change, November 2018). Available at:

https://www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-economy/

8 For example: in back-up power generation; in industrial heat processes; and / or, in providing heat on cold winter days.

9 For example: to provide balancing for intermittent renewable power sources such as solar PV / wind when demand on the

grid is low.

10 Based on the UK’s Hydrogen Strategy projection of 250 — 460 TWh of hydrogen by 2050, and assuming a production

efficiency of 80%, and a heat loss between 10 — 25% of input energy.

11 Assuming UK domestic space heating demand between 110 — 250 TWh (to achieve Net Zero Targets).

Source: ‘Future Energy Scenarios’ (National Grid, July 2021). Available at:

https://www.nationalgrideso.com/future-energy/future-energy-scenarios/fes-2021/documents

12 Assuming total UK heating demand of 540 TwWh.

Source: ‘Opportunity Areas for District Heating Networks in the UK: National Comprehensive Assessment of the Potential for

Efficient Heating and Cooling’. (Department for Business, Energy and Industrial Strategy, September 2021). Available at:

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1015585/0pps_for_dhnnca
hc.pdf
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infrastructure. The study gave particular focus on several identified ‘cluster’ areas where both the
hydrogen and heat sectors are understood to be rapidly evolving in tandem.

1.2

Objectives

In March 2021, Ramboll Energy was appointed by the Embassy of Denmark to undertake a study
assessing the potential synergies between future hydrogen production and associated waste heat
recovery for the use in district heating / heat network applications.

The key objectives of the study were as follows:

l

Create a Vision and Associated Narrative for Waste Heat Recovery from
Hydrogen Production.

Noting the proposed development of hydrogen production projects / industrial clusters,
the study aimed to provide UK Government, planning authorities and project stakeholders
with a vision and narrative for engaging with and promoting hydrogen-driven heat
planning opportunities.

Highlight Potential Investment Opportunities for both Hydrogen and District
Heating / Heat Network Investors.

The study also aimed to highlight attractive immediate and future investment
opportunities arising from synergies between hydrogen, waste heat recovery and low
carbon heat supply.

Re-Capture and Solidify Wider Interest in Waste Heat Recovery

Noting the political momentum for the development of a UK hydrogen economy, the study
also aimed to re-capture and solidify wider interest in waste heat recovery from industry
as a means of support heat decarbonisation, while also commenting on the current policy
barriers and potential enablers surrounding this approach.

Building on inspiration from Europe, and in particular Denmark, the study focussed on the UK
context, based on an ambitious national programme for developing both hydrogen and district
heating infrastructure.
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2 BACKGROUND

2.1 Overview

This Section provides technical background on hydrogen production processes and the associated
waste heat recovery potential.

2.2 The Synergy Concept

Noting the UK Government’s Net Zero Target there is an increasing focus on hydrogen as an
energy carrier to support decarbonisation of the UK energy system. Where there is high potential
growth (i.e. new hydrogen production infrastructure) there is also an opportunity for a change in
thinking to harness new technology in the most resource efficient way. When the focus of effort is
on the development and optimisation of a new process facility it is often the case that a
demarcation is drawn around the new process and the desired output- in this case the hydrogen
production facility and the hydrogen product. However, it is often the case that other by-products
are present that can be useful to and present synergies with other nearby users. Finding users for
by-products of production is not always straightforward and can detract developers’ attention away
from the core project. Conversely, those synergies can ultimately add to the profitability of the
project and support a stronger business case.

The exploration of the synergy concept in this study involves the identification of waste heat
streams arising from any hydrogen production process, and capture and utilisation of this heat
within adjacent heat networks. The concept aims to set out the vision and associated narrative for
hydrogen-derived waste heat utilisation, to support planning for and decarbonising UK heat
networks.

2.3 Hydrogen Production Processes

Hydrogen is one of the most abundant elements in the universe. However, it is rare in the earth’s
atmosphere, in its pure form, H>, and rather is usually bonded to other elements, for example as
water (H20) or as hydrocarbons (such as methane (CH4)). Therefore, hydrogen production
processes traditionally involve taking a compound containing the element itself and removing other
elements to produce a pure hydrogen product. By-products are therefore also produced, such as
(where hydrogen is removed from water) O, and waste heat.

Before considering the nature and quantity of waste heat available from different hydrogen
production techniques, it is important to understand some of the basics with regards to different
forms of hydrogen production.

Figure 2-1 illustrates that hydrogen production can take many different forms, with each process
presenting different efficiencies, rates and yields of hydrogen, its own advantages and
disadvantages.

Figure 2-1: HYDROGEN PRODUCTION PROCESSES (Nikolaidis and Poullikkas 2017)
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In the context of this study, only the low / zero carbon hydrogen production processes are
considered as viable forms of hydrogen production. In the current landscape, these hydrogen
production processes comprise:

1 Green hydrogen production (Electrolysis with renewable electricity); and,

1 Blue hydrogen production (Steam hydrocarbon (methane) reformation coupled with
carbon capture).

Therefore, this study focuses these two processes and the associated waste heat.

2.3.1 Green Hydrogen Production (Electrolysis)

In electrolysis, water (H20) is split into hydrogen (H2) and oxygen (O2) by using electricity.

As the feedstock is water, the process itself produces no carbon. As such, the carbon factor of the
hydrogen produced is determined by the carbon content of the electricity used. Though the UK
grid is rapidly decarbonising, for genuine green hydrogen production, the electricity required should
be sourced solely from renewable electricity sources, and hence the resultant hydrogen will have
zero carbon content. In the geographies investigated within this study the most common form of
renewable power available is wind power.

One way to ensure renewable power is used for the process is to build the electrolyser near the
renewable energy source, or associated transmission infrastructure. In the case of offshore wind,
this could be the land-based substation that the wind turbines feed into, or the wind generation
facility itself. A private wire arrangement could be used to power the hydrogen production with
cheaper renewable power when grid demand is low.

Different electrolyser technologies exist, currently categorised into three main types:
1 PEM (proton exchange membrane);
] Alkaline (Atmospheric and Pressurised); and,
] Solid oxide.

PEM and alkaline electrolysers are commercially available today.

Solid oxide electrolysers operate at relatively high temperature (700 — 1000°C) and have high
conversion efficiency. They can also potentially produce syngas along with hydrogen. Solid Oxide
electrolysers are still in the development stage.

Each type of electrolyser has unique operating parameters and configuration. For example, PEM
and pressurised alkaline electrolyser both have the advantage of quickly reacting to variations in
power supply, typical of renewable power sources. This in and of itself can be an advantage in
maximising the yield and utilisation of renewable power sources, particularly within the context of
an increasingly constrained National Grid.

2.3.2 Blue Hydrogen Production (Steam Methane Reformation coupled with Carbon Capture)

While blue hydrogen has some similarities to the above, it is a very different process and the
typical scale of application as much larger. The core process in blue hydrogen production is Steam
Methane Reformation (SMR). In SMR, a hydrocarbon feedstock, typically in the form of natural
gas, reacts with steam to produce hydrogen. The reaction takes place at the temperature range of
700 — 900°C or higher, and in the presence of a catalyst (ruthenium, rhodium, palladium and
platinum with nickel on aluminium oxide (Al.O3z) or magnesium oxide (MgO) as carrier). Carbon
emissions are produced from the core process itself, as well as from the generation of heat. SMR is
very well-established technology and this process is highly optimised in terms of the waste heat
recovery.

To classify as blue hydrogen, the process also includes carbon capture and associated carbon
storage.

2.4 Waste Heat from Hydrogen Production
2.4.1 Green Hydrogen

Electrolysis is not 100% efficient, and a portion of the electricity supplied to the process ends up as
waste heat. Depending on the type and design of electrolyser the quantity of this waste heat
varies between 17 — 22% of the input energy. The temperature of the waste heat also varies
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depending on the electrolyser selected. The range of waste heat temperatures for typical
electrolysers can vary anywhere between 40 — 80°C, largely driven by each manufacturer’s specific
cooling water requirements.

Figure 2-2 presents a simplified overview of the green hydrogen production process.

Figure 2-2: GREEN HYDROGEN PRODUCTION PROCESS
e
2 I I
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Electrolyser cooling water is used to maintain the electrolyser operating temperature below the
design limit. The cooling water circuit is hydraulically separated from electrolyser circuit.

The cooling water continually extracts the waste heat from electrolysis, rejecting it to the
atmosphere through a cooling system such as a dry air cooler, or a cooling tower. The cooling
water is then returned to the electrolyser.

Recovering heat from this configuration would be relatively straight forward and the amount of
equipment needed to do so would depend on the cooling temperature requirements of the
electrolyser and the specific heat offtake requirements (e.g. district heating network flow
temperature requirements). In general, higher electrolyser operating temperatures combined with
lower district heating network temperatures will mean less equipment would be needed for the
heat to be utilised to its full potential.

2.4.2 Blue Hydrogen

The reaction in the SMR process is ‘endothermic’, that is it requires an external heat source / input.
The heat for SMR is required at between 700 — 900°C and typically produced by combustion of
fossil fuels. Over the years SMR technology has been optimised to maximise recovery of the waste
heat arising from the initial combustion process. This heat is typically recovered in the form of
steam and hot water. Therefore, the potential for recovering heat from the core SMR process for
applications such as district heating is likely to be limited and should be assessed on a case-by-
case basis.

However, blue hydrogen production also has many auxiliary processes (such as carbon capture,
and associated compression, etc) which need cooling and often these are serviced by a common
cooling water system. It normally makes economic sense to collect these heat loads together and
cool them in one or a series of cooling towers where the heat from auxiliary processes is released
to the atmosphere. This heat can be captured and used for useful applications such as heat
networks.

Typical cooling water flow and return temperatures vary depending on climate and environment
but flow temperatures of around 30 — 35°C are typical. With waste heat temperatures in the lower
end of heat quality range (30°C), additional equipment such as heat pumps will be needed to
elevate the temperature for use in a district heating network.
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With the complexity of the blue hydrogen production process, the likelihood is that a larger plant of
this type is built due to the complexities of its operation and economies of scale. This would mean
that a large quantity of waste heat from auxiliary processes would be available due to the plant
size.

2.5 European Case Studies (Rotterdam / Denmark)

The synergy concept is not new, and several large-scale hydrogen projects under development
already have plans to develop a similar approach. The following provides details of European case
studies for projects currently under development.

2.5.1 Rotterdam?®

The Port of Rotterdam is a major European hub for the import of many products to the Netherlands
and other European nations. The port currently imports a high proportion of the fuels and chemical
feedstocks used by industry across the Netherlands and Germany. The Netherlands is also
developing offshore wind at scale.

The Port of Rotterdam is developing multiple hydrogen projects and infrastructure in the Rotterdam
area with a vision to extend production beyond its shores and develop a hydrogen import terminal
to support future growth of the hydrogen economy.

The plan is to install a hydrogen ‘backbone’ at the port which interlinks hydrogen production,
import and storage across multiple projects. A major hydrogen pipeline will be developed — in
Rotterdam the pipeline will be a new build, with the connection to the industrial regions in the
Netherlands based on re-purposing the existing natural gas grids (by Gasunie). The hydrogen
pipeline in Rotterdam is due to become operational as early as 2024.

Figure 2-3 presents information on the hydrogen pipeline at the Port of Rotterdam?4.

Figure 2-3: VISUAL INFORMATION ON THE HYDROGEN PIPELINE AT THE PORT OF ROTTERDAM
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A core element of the project is the development of a 2 GW ‘Conversion Park’ for green hydrogen
production. The Park will have 2 GW of offshore wind capacity linked directly to hydrogen
production plant. The first installations of 150 — 250 MW electrolyser capacity is expected by 2023,
and the second 250 MW electrolyser project in 2025. This will provide an excellent opportunity for
waste heat recovery.

The port authority has plans to harness the waste heat arising from the electrolysers by installing
new and connecting existing district heating infrastructure, exploiting waste heat on a grand scale,
including plans to supply up to half a million households by 2030. This gives the opportunity for
hydrogen producers to sell heat into the heat network, rather than vent to the atmosphere,
creating an important additional revenue stream.

The Port’s plans also include development of blue hydrogen production as a temporary replacement
fuel for the power generation and petrochemical industry located in the area, with the CO»

13 Based on information on: ‘Hydrogen in Rotterdam’. Available at:
https://www.portofrotterdam.com/en/port-future/energy-transition/ongoing-projects/hydrogen-rotterdam
14 Visual information taken from ‘Hydrogen Economy in Rotterdam’ (as Handout). Available at:
https://www.portofrotterdam.com/sites/default/files/2021-06/hydrogen-economy-in-rotterdam-handout. pdf




SYNERGY STUDY
HEAT RECOVERY FROM HYDROGEN PRODUCTION

produced being curtailed in CCS and also used in local green housing operations. This blue
hydrogen production presents further opportunities to recover waste heat.

Figure 2-4 presents visual information on the district heating plans at the Port of Rotterdam?.

Figure 2-4: VISUAL INFORMATION ON THE DISTRICT HEATING PLANS AT THE PORT OF ROTTERDAM
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The scale of hydrogen production in this case is vast by any standards; however, the quantity of
hydrogen demand is substantially higher than (10 times) the total production capacity which can
be installed due to spatial constraints. Therefore much of the hydrogen will need to be imported
from locations which have high wind and solar power capacity.

Figure 2-5 presents the proposed import versus hydrogen production capacity at the Port of
Rotterdam?®.

Figure 2-5: IMPORT VERSUS HYDROGEN PRODUCTION (PORT OF ROTTERDAM)
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20 Mt
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200 GW

'WIND POWER NEEDED TO PRODUCE
20MT OF GREEN HYDROGEN

5000%

INCREASE IN HYDROGEN
FLOW THROUGH ROTTERDAM

Strong growth in hydrogen flow
through Rotterdam due to imports
The coming decades will see the rise of
blue and green hydrogen. In order fo

meet national and infernational demand,
the lion’s share will come from import

in 2050.

The potential hydrogen demand estimates for Rotterdam suggest that there will be significant
waste heat generated as a result of local supply to this demand. A heat network is being
developed to transport waste heat from the Port (not only from electrolysers, but also from a
refinery and other sources) to commercial green houses in Hauge and the horticulture business in

15 visual information taken from ‘Heat Recovery from Hydrogen Production’ (Randolf Weterings Synergy Study Final Webinar
Presentation, September 2021).

16 Visual information taken from ‘Hydrogen Economy in Rotterdam’ (as Handout). Available at:
https://www.portofrotterdam.com/sites/default/files/2021-06/hydrogen-economy-in-rotterdam-handout. pdf
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Westland. In future there is an ambition to expand this heat network to connect additional
residential and commercial heat loads.

2.5.2

Denmark?”’

The Danish district heating sector is very well-established, with 61% of the country’s space heating
demand currently supplied though district heating networks.

The Danish district heating association commissioned a study (‘Power-To-X and District Heating’)
which investigated some of the factors underpinning decision-making related to green hydrogen
production and the use of waste heat for district heating.

Table 2-1 summarises details from some of the case studies covered by the study, including some
of the key takeaways.

Table 2-1: DANISH POWER-TO-X CASE STUDIES AND KEY TAKEAWAYS

Where Project Partners Capacity (Opz:'e:t.;on) Heat Recovery
Green hydrogen Copenhagen
. Infrastructure
and ammonium Partners, Arla
Esbjerg production (for . ! ’ 1GwW 2026 Yes
agriculture and Danish Crown,
Sﬁi o) DLG, Meersk,
pping DFDS
‘Green Fuels for 10 MW (demo) 2023
Denmark’
comprising green 250 MW 2027
hydrogen drsted, CPH
Copenhagen including carbon |Airport, Meersk, Yes
capture (from DSV, SAS
other point 1.3 GW 2030
source) for fuel
production
20 MW 2022
(H;)r/esey:irggr(; on |Everfuel, Shell
Fredericia ydroge (now Postlane 300 MW 2024 Yes
to replace fossil
Partners), TVIS,
hydrogen
1GW 2030

2.5.2.1 Esbjerg

Esbjerg is a seaport town on the west coast of Denmark.

It is the fifth largest city in Denmark and

is known as an energy port due to its links with the oil and gas sector. In recent years it has
become a world leading port for offshore wind, exporting 67% of offshore wind turbines installed

across the EU.

Esbjerg is in the process of phasing out the 350 MW coal-fired power plant which supplies the local
district heating network. The plant is being replaced with 50 MW of marine-source heat pumps and
60 MW of biomass (wood chip) boiler capacity, with the remaining capacity to be supplied by

electrolyser waste heat.

Esbjerg is located close to many offshore wind projects and so is well placed to benefit from the
renewable energy needed for green hydrogen production.

Esbjerg has plans to develop up to 1 GW of electrolyser plant for the world’s largest green
ammonia plant; the waste heat from this plant is estimated to be capable of covering a third of the
total heat demand across the local district heating networks. This project has the potential to
reduce CO, emissions associated with the existing district heating networks heat supply by 1.5

million tonnes per annum, creating 100 — 150 new permeant jobs.

17 Based on information within: ‘Power to X and District Heating’ (DANSK FJERNVARME, GRON ENERGI, COWI, TVIS).
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2.5.2.2 Copenhagen

‘Green fuels for Denmark’ is a project partnership to develop green fuels for road, maritime and air
transport in three phases.

The first demonstrator phase is based on a 10 MW electrolyser to provide hydrogen for direct use
in buses and heavy good vehicles.

The second phase will involve 250 MW of electrolysers and carbon captured from CCUS projects in
greater Copenhagen to produce green methanol and aviation fuel.

The third phase is for 1.3 GW of electrolyser capacity for the total production of 250,000 tonnes
green fuels.

The use of waste heat from these hydrogen projects across the greater Copenhagen area complex,
and plans are being investigated by several organisations in collaboration with local district heating
companies, and through wider collaborations across various industry sectors and municipalities.

2.5.2.3 Fredericia

Frederica, Kolding and Vejle are three industrial areas of Denmark that have worked together to
collaborate and coordinate on strategic infrastructure developments since the 1960’s. A recent
development in 2018 saw the conversion of a power plant (Skaerbaek) to run on wood chips rather
than natural gas. This was the start of a shift away from fossil fuels and further development has
seen development of the use of waste heat from a local energy-from-waste plant.

There are now plans for additional waste heat to be recovered from a new electrolyser plant in and
around this existing district heating network.

The afore-mentioned study further highlighted that early involvement of all stakeholders is key to
making all of these heat recovery projects feasible. The study also modelled case studies based on
different sizes of green hydrogen plants (20 MW and 400 MW). This showed an increase in
revenue resulting from heat recovery and supply into the heat network, accruing to both additional
hydrogen production as well as sale of low carbon heat. This was because a connection to the heat
network would allow the hydrogen plant to run more continuously.

2.5.3 Conclusions from Case Studies

1 Many current / imminent large-scale hydrogen production projects in Europe are actively
developing waste heat recovery and utilisation as part of their overall business model.

1 Existing heat networks are playing an important enabling role in supporting the
development of hydrogen production planning in Denmark.

1 Early engagement and involvement of key stakeholders is key to developing technically
and financially viable hydrogen-driven waste heat recovery projects.

1 In areas where the heat grid is complex, such as Copenhagen, the opportunity of waste
heat from large electrolyser projects can offer a great opportunity to both the hydrogen
project and district heating network operators.

1 The case studies discussed here suggest that the synergy concept that is the subject of
this report will improve the economics of hydrogen production and generate important
cost-efficiencies and decarbonisation benefits for heat network operators.

2.6 Previous Ramboll Studies

In 2020, Ramboll was appointed by Danish Energy Agency (DEA) to qualify the current
understanding of the potential for and limitation of hydrogen for heating, and especially in relation
to district heating. A list of questions were developed in combination with the DEA. These were
grouped under the following headings:

(1) Future Demand and Constraints on the Supply of Hydrogen.
(2) Waste Heat Utilization and District Heating in relation to Hydrogen.
(3) Distribution and Consumption of Hydrogen for Heating in Households.

The questions were addressed through a literature review of available reports. The study was
focused on the UK, Germany and Dutch programs, but primarily on the UK.



SYNERGY STUDY
HEAT RECOVERY FROM HYDROGEN PRODUCTION

The key conclusions were as follows:

l

Future Demand and Constraints on the Supply of Hydrogen

If all expected offshore wind capacity in 2050 was used to produce green hydrogen, and
twice as much blue hydrogen was produced, this could cover the fossil fuel-based energy
demand of the industrial sector and the heavy transport sector. This amount of hydrogen
(which still excludes compression, transmission and hydrogen-to-end-use conversion
losses) corresponds to only 32% of the total EU28 final energy (2018).

This indicates that hydrogen use is likely to be constrained too hard-to-decarbonise
sectors, such as heavy industries requiring high-grade heat.

Waste Heat Utilization and District Heating in relation to Hydrogen

Utilisation of waste heat through DH networks is likely to be an interesting business case
for both the heat network operators and hydrogen producers. Economic feasibility will
need to be assessed on a case-to-case basis.

Distribution and Consumption of Hydrogen directly for Heating in Households

Heat pumps or direct electric heating are likely to be a more efficient use of renewable
electricity for heating, by factors of 5 and 1.3, respectively, compared to converting that
electricity to hydrogen for direct combustion in a boiler.

10
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3 SCOPE AND METHODOLOGY
3.1 Overview
This Section provides a summary of the overall scope and methodology.

Further details of the specific approaches adopted, and findings arising from each task, are then
described in more detail in the associated Sections.

3.2 Literature Review

In addition to the above case studies, Ramboll appointed Newcastle University to conduct a
literature review to investigate waste heat recovery from hydrogen production potential.

The literature review considered the UK’s current hydrogen production and district heat network
landscape, hydrogen production and storage processes, and low-carbon hydrogen and heat
economics (considering both waste heat from hydrogen production and direct use of hydrogen).

The literature review also sought to identify UK hydrogen production projects.

Section 4 (Literature Review) presents further information on the Newcastle University literature
review, alongside wider background information on hydrogen production, and waste heat recovery
from hydrogen production. Appendix A provides the Literature Review report.

3.3 Synergy Opportunity Assessment & Mapping

In addition to the case studies and literature review, the study incorporated extensive stakeholder
engagement to identify synergy opportunities across three specific ‘clusters’ locations comprising:

] Aberdeen City;
] Leeds City; and,
] The Humber Region.

Across each cluster, planned and potential hydrogen production and district heating network
developments were identified and mapped.

Key hydrogen production and district heat network project details, and associated stakeholder
contacts, within each of the three clusters were assimilated. The primary focus was on existing
and planned projects that have a sufficient extent and quality of technical data / information
available for the technical (and economic) assessment. However, noting the study’s strategic
focus, additional focus was given to potential future projects, and any associated potential
synergies.

To support this, the identified stakeholders for individual projects in each cluster were consulted for
further data / information, focussing on:

1 For hydrogen projection projects: location; hydrogen production technology and
capacity; programme / timeline;

1 For existing and proposed district heat networks: location of any central plant; heat
demand / proposed heat sources; layout / location of any network; programme /
timeline; and,

1 Local planning information and spatial strategies.

Additional (non-project-specific) stakeholders were also identified, including: UK Government (e.g.
Department for Business, Energy and Industrial Strategy (BEIS) Heat Networks Team); Scottish
Government (Hydrogen and Heat Networks Teams); and Scottish Futures Trust.

3.4 High-Level Technical Assessment

Based on the initial opportunity assessment and mapping exercise, a technical assessment was
undertaken to shortlist a single preferred synergy opportunity to be taken forward into the
economic assessment.

Section 6 (Technical Assessment) presents further information on the associated technical
assessment methodology, including the associated screening criteria and scoring.

11
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3.5 High-Level Economic Assessment

Based on the technical assessment, an initial, high-level economic assessment was undertaken to
determine the associated viability of the shortlisted synergy opportunity.

Section 7 (Economic Assessment) presents details of the associated economic assessment
methodology.

3.6 Online Workshops /7 Webinars

To supplement the assessments / findings, and to inform the overall Synergy Study, the
methodology also included two online technical workshops, and a final overall webinar.

] Technical Workshop 1

Technical Workshop 1 presented the data / information collected during the initial project
and synergy opportunity identification, and also presented the proposed technical
assessment screening criteria and scoring.

] Technical Workshop 2

Technical Workshop 2 presented and confirmed the technical assessment screening, and
also presented the proposed economic assessment methodology.

] Final Webinar

The final webinar brought together UK Government Representatives and Case Study
Presenters, and presented the findings of the Synergy Study.

Appendix B presents the workshop / webinar materials, including the associated presentations.

12
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4 LITERATURE REVIEW
4.1 Overview

This Section summarises the literature review’s main findings. Appendix A provides the Literature
Review report.

4.2 Main Findings

1 The review highlighted that hydrogen production is a well-established industrial process
and the main research challenge is low or zero carbon hydrogen production at scale, and
in an economically viable manner. It suggested that the retail price of hydrogen will be
highly sensitive to the economies of scale, plant yield, location of the project and
assumptions around inflation rate. The cost of green hydrogen produced from solar and
wind power is likely to reduce in the future due to forecasted reduction in the cost of solar
PV panels and offshore wind turbines. The review also touched on the challenges around
storing and transporting hydrogen and indicated that improving energy efficiency of liquid
hydrogen storage, and storage in organic compounds, such as ammonia, remain active
areas of research.

1 The concept of replacing natural gas by hydrogen for heating is currently being tested by
household appliances manufacturers. The colourless and odourless nature of hydrogen
flame presents substantial safety challenges which need to be addressed through further
research and development.

1 The impact of utilising heat as a by-product from hydrogen production largely depends on
the hydrogen production process. It was noted that hydrogen production processes which
use heat as a primary energy input in some cases have detrimental impact on the system
efficiency if the heat required for hydrogen production is diverted elsewhere. Similarly, in
certain type of electrolysers (such as PEM and solid oxide) reducing the operating
temperature of electrolyser will lower the efficiency of the electrolysers.

1 In the context of this study, where the focus is on recovering waste heat from hydrogen
production, the review (including the various referenced literature sources) confirmed that
recovering waste heat from electrolyser stacks should not have any negative impact on
process efficiency. Indeed, the various literature sources suggested conversely that the
system efficiency of PEM electrolyser plants can increase by 14 to 32%0 by
recovering waste heat. The review indicated that the waste heat from PEM
electrolysers can be recovered at 45 — 75°C and should be readily suited to use in heat
networks. Further, one literature source!® noted that value of waste heat from a PEM
electrolyser is likely to be in the region of £27.3/MWh. This value is calculated by
considering the average cost to consumers connected to heat networks and subtracting
the capital and O&M elements of the cost.

] The literature review also touched on heat recovery from Steam Methane Reformation
(SMR) processes. SMR is an endothermic process requiring heat in the process. Part of
the SMR process releases heat which is typical recovered to re-use within the process.
There is a potential to use waste heat from SMR in heat networks however so far the
industry has focused on reusing the waste heat within the SMR process and making it
more efficient.

18 ‘A Combined Heat and Green Hydrogen (CHH) Generator Integrated with a Heat Network’ (D. Burrin, S. Roy, A.P. Roskilly,
A. Smallbone). Energy Conservation and Management, 246 (2021), 114686.

13
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5 SYNERGY OPPORTUNITY ASSESSMENT

5.1 Overview

This Section provides a summary of the location and scale of the hydrogen production and heat
network projects and synergy opportunities identified by the study.

52 Hydrogen Production Projects by Cluster

Table 5-1 presents a summary of the identified hydrogen production projects in each of the three
target clusters.

14
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Table 5-1: HYDROGEN PRODUCTION PROJECTS

. Stakeholders 7/ . Status A
Project Partners Type Size Description
ABERDEEN
Cove Fuelling Station Hydrogenics / ACHES Green 130 kg/day | EXISTING |Re-fuelling station with two delivery pressures.
(Aberdeen City Council) Operational
2017
Kitty Brewster Fuelling Station BOC / ACHES (Aberdeen Green 360 kg/day | EXISTING |Re-fuelling station with two delivery pressures.
City Council) Operational
2018
Dolphyn ERM / NEL Doosan / ODE Green P1: 2 MW PROPOSED  |Floating offshore windfarm with green hydrogen production.
/ Tratebel Engie / PPI P2: 10 MW P1 FEED
P3: 100MW /| p1: 2021
P2: 2026
P3: 2030
Hydrogen Hub Aberdeen City Council Green 500 kg/day | PROPOSED |Through the Aberdeen Hydrogen Hub, there is a requirement
(to Planning  |to provide a programme of investments in renewable (green)
3500 kg/day) | 2025 — 2030 |hydrogen production to supply Aberdeen's bus and public
(Financial sector fleets. The initial demand will be 500 kg/day with
Close forecasted demand of 3.5 tonnes/day by 2030. The initial
2022) phase of the Aberdeen Hydrogen Hub is supported by the
Scottish Government's Energy Transition Fund.
Acorn Project Pale Blue Dot Energy / Blue 200MW PROPOSED
SSE/ Petrofac NECCUS / Pre-FEED
LNG9 / GB-Tron / 2026
Strathclyde University
LEEDS
Leeds Bradford Airport Leeds Bradford Airport / Green Approx. PROPOSED  |Re-fuelling station.
ITM Power 1000 kg/day| Feasibility
2026
Leeds Waste and Recycling Centre Leeds City Council Green Approx. PROPOSED  |Re-fuelling station.
1000 kg/day Feasibility
2026

15
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. Stakeholders 7/ . Status S
Project Partners Type Size Description
HUMBER REGION
Gigastack ITM Power / Qrsted / Green P1: 5 MW | PROPOSED |Three phases, part of Humber Zero.
Phillips 66 to FEED
P3: 100 MW 2021 —
Altalto Immingham British Airways / Velocys PROPOSED  |Project to produce Synthetic Aviation Fuels (SAF) and naphtha
Feasibility |from waste.
2022
Equinor Equinor Green PROPOSED
Concept /7
Feasibility
2025 - 2040
Uniper (Blue) Uniper / VPI / Phillips 66 Blue 700 MW PROPOSED
Pre-FEED
2025
Uniper (Green) Uniper / Toyota / Green 20 — PROPOSED
Association of British Ports 100 MW Pre-FEED
/ Siemens 2025
H2H Saltend Equinor / Trion Power / Blue P1: 600 MW| PROPOSED |Also includes the potential for 2 additional 600 MW phases,
Mitsubishi Power Pre-FEED  |considering 100% hydrogen conversion.
2027

NOTE: The ‘H21 Project’ is a grid injection and distribution project that has been looking at the use of hydrogen in the Leeds City gas network. While
the hydrogen use is in the Leeds area, the associated hydrogen production to take place on a large scale in the Teesside area, approximately 65 miles
north of Leeds. Therefore, with regards to the Leeds synergy, H21 Project hydrogen production is not considered. Notwithstanding, the ‘East Coast
Hydrogen Project’ is an expansion of this project which looks at a phased introduction of hydrogen to the North East gas network, ultimately looking to
expand to other clusters such as Hynet in the North West. Therefore, strategic location of hydrogen production projects within this network could present
a future synergistic opportunities.

16
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5.3 District Heating Network Projects by Cluster

The assessment of district heating projects included the following:

Existing / planned district heating networks;

Planned large-scale developments (potential new build heat networks);

Existing large heat loads (potential retrofit heat networks); and,

= —a _—_a _a

Low-density buildings within the / in close proximity to area of interest.
Firstly, the review considered existing or planned district heating networks.

For existing schemes, the overall heat loads should be known, and, for planned schemes, heat
demand assessments should have been completed as part of previous feasibility studies required
during their development.

The review then considered planned new large-scale developments, presumed to present good
potential for new heat networks. The associated planning documents include important details
(such as the number, size and thermal efficiency of buildings) which can then be analysed and
compared with benchmarking data to estimate an approximate annual heat demand.

A similar process was carried out to assess heat demands associated with large existing
buildings/sites that could act as anchor loads for new district heating networks. Where available,
actual billing data for existing sites was analysed to estimate an approximate annual heat demand.
Where such data wasn’t available, benchmarking values were used in combination with building
characteristics, such as age and floor area.

Finally, a similar assessment was carried out for low-density buildings (housing). Ramboll have
developed in-house tools to analyse areas of housing by using assumptions, enabling the
calculation of an approximate heat demand.

The combination of these stages provide an estimated overall peak and annual demand for
existing, planned and potential new heat networks across the three clusters.

54 Aberdeen Cluster

5.4.1 District Heating Network Status

Aberdeen has several existing and proposed district heating networks.

Table 5-2 presents the Aberdeen district heating networks identified.

Table 5-2: ABERDEEN DISTRICT HEATING NETWORKS

Project Location Project Name Asset Status
City Centre Kincorth District Heating Network Existing
City Centre Seaton District Heating Network Existing
North City Centre Tillydrone District Heating Network Existing
City Centre University of Aberdeen District Heating Network Existing
East Aberdeen Hazlehead District Heating Network Existing
East Aberdeen Stockethill District Heating Network Existing
City Centre Torry District Heating Network Proposed

5.4.2 Hydrogen Waste Heat Assessment

Table 5-1 summarises the hydrogen production projects within this cluster.

Based on process knowledge and discussions with equipment / technology suppliers, Table 5-3

presents a summary of the waste heat potential associated with these projects.

17
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Table 5-3: WASTE HEAT (FROM ABERDEEN HYDROGEN PRODUCTION) POTENTIAL

. Energy Input Waste Heat Potential
Project Name (f\]/l)(N) P MW)
Cove Fuelling Station 0.300 0.076
Kitty Brewster Fuelling Station 0.800 0.210
Dolphyn P1: 2 MW to P3: 100MW 0.440 to 22
Hydrogen Hub 1.125to 8 0.325 to 2.0
Acorn Project 200 6

For the two fuelling stations, the energy input is less than the waste heat potential. However, here
is should be noted that, as the hydrogen is being used for transport, there is a requirement for
compression. Therefore, in addition to the waste heat potential from hydrogen production, there
should be additional waste heat potential from any associated compression cooling.

Of the hydrogen production projects listed:

1 Dolphyn is a floating offshore windfarm with hydrogen production. The associated
electrolysers are being designed to be attached to a platform on the wind turbine
foundation, and the hydrogen produced would be transported to shore by pipeline.
Therefore, use of any waste heat could present a challenge due to the location of the
hydrogen production process in relation to any potential Aberdeen heat demand / heat off
takers.

1 The Acorn project is located close to St Fergus, which is 35 miles north of Aberdeen.
Therefore, use of any waste heat could present a challenge due to the location of the
hydrogen production process in relation to any potential Aberdeen heat demand / heat off
takers. The status / timescale of this project will ultimately depend on a positive outcome
in the UK’s carbon capture, usage and storage (CCUS) cluster sequencing.

5.4.3 Aberdeen — Mapping Potential Synergies

Based on the above, it is noted that Aberdeen has a number of existing district heat networks
across the city, and aims to build a city-wide heat network.

Through the Hz Aberdeen Programme, Aberdeen is also on the forefront of Hydrogen production
and aims to create a hydrogen economy in the region. In addition, a number of offshore wind
farms are already commissioned or currently under construction, and these will generate renewable
electricity which could also be utilised for green hydrogen production.

The Figure overleaf presents the Aberdeen Synergy mapping. It should be noted that two of the
hydrogen production projects identified (the Dolphyn and Acorn projects) are not shown due to
them not being in close proximity to Aberdeen City Centre.

18
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5.5 Leeds Cluster
5.5.1 District Heating Network Status

Leeds has several existing and proposed district heating networks.

Table 5-4 provides summary details of district heating networks identified in Leeds.

Table 5-4: LEEDS DISTRICT HEATING NETWORKS

Project Location Project Name Asset Status

City Centre / Aire Valley |Leeds City Centre and the District Heating Network Existing
Aire Valley: Phase 1

City Centre / Aire Valley |Leeds City Centre and the District Heating Network Existing
Aire Valley: Phase 2

City Centre / Aire Valley |Leeds City Centre and the District Heating Network Proposed
Aire Valley: Phase 3

55.2 Hydrogen Waste Heat Assessment

Table 5-1 summarises the hydrogen production projects within this cluster.

Based on process knowledge and discussions with equipment / technology suppliers, Table 5-5
presents a summary of the waste heat (from Leeds hydrogen production) potential. It should be
noted that both hydrogen production processes are still in the process of establishing a final
hydrogen demand, and therefore the size (hydrogen production capacity) is still to be fixed.

Table 5-5: WASTE HEAT (FROM LEEDS HYDROGEN PRODUCTION) POTENTIAL

. Ener Input Waste Heat Potential
Project Name (f\]/IyW) P (MW)O
Leeds Bradford Airport 2.2 0.582
Leeds Waste and Recycling 2.2 0.582
Centre

For both these projects, the hydrogen would be produced for fuelling stations. However, there it
should be noted that, as the hydrogen is being used for transport, there is a requirement for
compression. Therefore, in addition to the waste heat potential from hydrogen production, there
would be additional waste heat potential from any associated compression cooling.

Of the hydrogen production projects listed it was noted that:

1 Leeds Bradford Airport has plans for an expansion with a new terminal building. In
tandem with the hydrogen production plans, this presents a good opportunity to assess
the heating demand / infrastructure of the new terminal building and ensure the best
opportunity for waste heat recovery and use.

1 The Leeds Waste and Recycling Centre plants hinge on a common dilemma of investment
in hydrogen infrastructure and vehicle conversion. However, the refuse truck fleet is one
of the larger fleets of vehicles under Leeds City Council’s control, and therefore can be
strategically converted in its entirety with planned investment. Further, the Waste and
Recycling Centre already has a tie into the district heating network, and therefore waste
heat recovery and use in the network is theoretically simplified (as much of the required
infrastructure is likely to be in place).

5.5.3 Leeds — Mapping Potential Synergies

Based on the above, it is noted that Leeds has a large existing district heating network, with
ambition to extend capacity up to 150 MW in the coming years.

However, Leeds has limited plans for hydrogen production, with only Leeds Bradford Airport and
Leeds Waste and Recycling Centre projects under consideration.

The Figure overleaf presents the Leeds synergy mapping.
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5.6 Humber Regio

5.6.1 District Heating

OGEN PRODUCTION

n

Network Status

The Humber region has no existing district heating networks, but does have a

district heating networks.

Table 5-6 presents the Humber region district heating networks identified.

Table 5-6: HUMBER REGION

HEATING NETWORKS

number of proposed

Network Phase 3

Project Location Project Name Asset Status

City Centre Hull District Heating District Heating Network Planning
Network Phase 1

City Centre Hull District Heating District Heating Network Planning
Network Phase 2

City Centre Hull District Heating District Heating Network Planning

North East Lincolnshire

Stallingborough Enterprise
zone

District Heating Network

Masterplanning

North East Lincolnshire

Immingham Town

District Heating Network

Masterplanning

North East Lincolnshire

Cromwell Road

District Heating Network

Masterplanning

North East Lincolnshire

Stallingborough Enterprise
zone

District Heating Network

Masterplanning

North East Lincolnshire

Stallingborough Enterprise
zone

District Heating Network

Masterplanning

5.6.2

Hydrogen Waste Heat Assessment

Table 5-1 summarises the hydrogen production projects within this cluster.

Based on process knowledge and discussions with equipment / technology suppliers, Table 5-7
presents a summary of the waste heat (from Humber region hydrogen production) potential.

Table 5-7: WASTE HEAT (FROM HUMBER REGION HYDROGEN PRODUCTION) POTENTIAL

Project Name

Energy Input

Waste Heat Potential

(MW) (MW)
Gigastack P1: 5 MW to P3: 100MW 1.1 to 22
Altalto Immingham Unknown Unknown

Equinor Not Specified / Unknown Not Specified / Unknown
Uniper (Blue) 700 28
Uniper (Green) 20 to 100 4.4 to 22
H2H Saltend P1: 600 18.5
(2 additional 600 MW Phases) (up to 55.5)

Of the hydrogen production projects listed, it was noted that the Uniper (Blue Hydrogen) and H2H
Saltend project status / timescales will depend on a positive outcome in the UK’s carbon capture,
usage and storage (CCUS) cluster sequencing.

5.6.3 Synergy Mappin

g

Based on the above, three separate sub-synergies were identified in the Humber region:

] Beverley;
] Hull; and,
] South Humber.
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Beverley has a proposed heat network along with a number of greenhouses which could receive
waste heat from the Equinor hydrogen production project.

Hull has a proposed town centre heat network which could receive waste heat from the H2H
Saltend hydrogen production project.

The South Humber has five proposed heat networks which could receive waste heat from the
Gigastack and Uniper hydrogen production projects.

In addition, a number of offshore wind farms are already commissioned or currently under
construction, and these will generate renewable electricity which could also be utilised for green
hydrogen production.

The Figure overleaf presents the Humber region synergy mapping.
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6 TECHNICAL ASSESSMENT

6.1 Overview

This Section provides a summary of the initial technical assessment of the various potential
synergy opportunities identified across the three clusters.

6.2 Screening and Scoring Criteria

For any project, there are many factors (associated enablers and blockers) that can have an effect
on its feasibility. However, within this Synergy Study, focus has been given to the specific factors
which are likely to have an effect on the feasibility of a synergy project of waste heat recovery

from hydrogen production.

Table 6-1 sets out the factors, enablers and blockers that were addressed by the assessment.

Table 6-1: TECHNICAL ASSESSMENT FACTORS, ENABLERS AND BLOCKERS

Factors Enablers Blockers
Technical { Large waste heat (from hydrogen 1 Small waste heat (from hydrogen
production) availability. production) availability.
1 Good heat quality supply (e.g. high 1 Low / poor heat quality supply (e.g. low
temperature). temperature).
{1 Large growth potential (for hydrogen 1 Small growth potential (for hydrogen
production). production)
{1 Sufficient heat demand. 1 Incompatible heat demand.
1 Proximity to heat networks. 1 Availability of cost-effective alternative
1 Density of heat demand. heat sources.
1 Low heat network temperature. 1 High heat network temperature.
Commercial T Incentives for hydrogen production {1 High capital investment.
operator. 1 Low network fuel costs.
1 Incentives to heat network operator. 1 Lack of stakeholder coordination /
1 High network fuel costs. interaction.
Policy 1 Heat hierarchy implementation. 1 Undefined planning policies.
1 Proactive planning policies to support 1 Government funding.
hydrogen and district heat network
synergies.

The following provides some further detail around the key implications of some of these factors:

] Technical: Waste Heat Availability

If large quantities of waste heat are available then the revenue to the hydrogen project
will be higher.

Also higher quantity of waste heat supply will enable more flexibility over a project life
cycle and reduce the reliance on backup solutions, such as electric boilers.

] Technical: Heat Quality

Heat quality is related to the temperature of the waste heat.

Regarding new heating technologies, low grade (low quality) waste heat is not useless, as
heat pump configurations can be used to boost lower temperature streams to the
required heat network temperatures.

However, there is a CAPEX and OPEX cost associated with doing this which needs to be
considered in the overall plans for a synergy.

1 Technical: Proximity and Network Routing

The proximity of the hydrogen production project to the district heating network is of key
importance. One of the largest costs of a district heating network / system is the
pipework which carries the water to and from the users and to and from the heating
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interface. Therefore, it is not just proximity but understanding the routing of the pipes
also. If the pipes must cross over large civil structures, such as roads and railways, this
can add a lot of cost to the district heating network / system.

] Density of Heat Demand

Low density of heat demand means lower amount of heat delivered per meter length of
the heat network, also low heat demand can result in underutilisation of waste heat
available from hydrogen. Both these factors can negatively affect the returns on
investment.

Table 6-2 sets out the screening criteria and associated scoring weighting applied through the
assessment.

Table 6-2: TECHNICAL ASSESSMENT SCREENING CRITERIA, AND ASSOCIATED SCORING WEIGHTING

Criteria Weighting Comments / Notes

Waste Heat Availability (Max) 20% Intermittency and quantity of waste heat

Heat Demand (Max) 20% Existing and planned district heat networks

Proximity / Distance 20% Proximity of hydrogen production to district heat
network

Heat Quality (Temp) 10% Grade of waste heat

Hydrogen Production Growth 5% Secured future waste heat

Potential

District Heating Network Growth 5% Secured future heat load

Potential

Level of Stakeholder Interest 10% Engagement of local / private stakeholders and
planning authorities

Timescale to Implementation 5% At concept / FEED / planning / development

Transferability 5% Transferability of study outcomes between locations

6.3 Technical Assessment Results

A total of five key synergies were identified across the three clusters:
] Aberdeen City Centre;
] Leeds City Centre;
] Humber Region: Beverley;
] Humber Region: Hull; and,
] Humber Region: South Humber.

Using the available and collated project characterisation data / information, and the weightings
described above, each synergy was scored 0 — 5'°. The score was totalled to give an overall score.

The initial results were discussed with stakeholders in Technical Workshop 1, and revised taking
into account stakeholder feedback before shortlisting the preferred synergy for economic
assessment.

Table 6-3 summarises the technical assessment results.

Table 6-3: TECHNICAL ASSESSMENT RESULTS

Aberdeen | Leeds City | Beverley Hull South
City Centre Centre Humber

Waste Heat Availability (Max) 3

19 A score of ‘0’ was given for the least favourable conditions, and a score of ‘5’ was given for more advantageous conditions.
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Heat Demand (Max)

Proximity / Distance

Heat Quality (Temp)

Hydrogen Production Growth Potential

DHN Growth Potential

Level of Stakeholder Interest

Timescale to Implementation

Transferability

Scoring

6.4 Shortlisting the Preferred Synergy

Based on the findings presented in Table 6-3, South Humber was selected as the preferred synergy
to be taken forward for the economic modelling and assessment.

This synergy presents three hydrogen projects planned in close proximity; two very substantial (2
x 100MW) green hydrogen projects, one of which (Gigastack)) is currently at FEED stage, and
another large (700 MW) blue hydrogen project. In addition, within the South Humber region, there
are also several potential heat networks which have been subject to previous feasibility studies,
and identified as potentially viable. The previous feasibility studies also noted that the provision of
information on the potential availability of additional heat sources (such as waste heat from
hydrogen production) could support the growth and progression of these district heating projects.

In addition, an important consideration for this study is the sharing and transferability of
information and experience to other projects. In particular, the transferability of the economic
modelling could present insight into the costs and the principles of heat recovery from different
forms of hydrogen production. Both green and blue hydrogen processes have waste heat available
and both processes play an important role in the hydrogen economy, and the South Humber region
includes both of these processes.
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4 ECONOMIC ASSESSMENT
7.1 Overview

Following technical assessment and shortlisting of the most attractive synergy opportunity, an
economic model was developed to provide an initial high-level assessment of the project’s potential
economic viability. This section summarises the findings of this exercise.

Modelling assumptions and results are presented, followed by a sensitivity analysis to assist in the
development of guidelines for other possible synergies.

It should be stressed here that this is an initial and very-high-level assessment and the results
should be considered as indicative only, intended primarily to steer decision-making as to whether
to progress investigation of the opportunity further.

7.2 Assumptions

7.2.1 Scenarios Modelled

The green hydrogen projects in South Humber region (Gigastack and Uniper (green)) were
considered. The hydrogen production capacity in the initial phase of these projects is expected to
be 20 MW with maximum waste heat available approximately 4.4 MW.

Stallingborough Enterprise Zone (SEZ), which is one of the heat demand clusters identified by
North East Lincolnshire Council for implementation of heat networks, was considered as the heat
load. The heat demand at SEZ is from anticipated new and commercial developments. The
distance between the green hydrogen projects and SEZ is approximately 10 km.

It was assumed that the hydrogen production project energy centre will consist of a substation
located at hydrogen production project site, and will consist of a substation recovering heat from
the hydrogen production plant before discharging it into the heat transmission network.

The heat network energy centre will be located at the other end of heat transmission network, and
will consist of electric boilers providing top up and back up heating capacity. Heat network energy
centre will discharge heat in the distribution network connected to individual heat loads.

Figure 7-1 presents the synergy project modelling elements, covering the placement of the energy
centres, and associated transmission and distribution networks.

Figure 7-1: SYNERGY PROJECT SCENARIO MODELLING ELEMENTS

Hydrogen
Project
Energy....
Centre

(Substation)

Transmission TS,
Network R ¢ Heat Network
\ Energy Centre
\_|(Electric Boilers)
Heat Cluster \

Stallingborough
T — Enterprise Zone

I Distribution Network l

For the synergy project, the heat demand modelling assumptions comprised:
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- Hydrogen Production Capacity

ua Green Hydrogen (Gigastack or Uniper Green)
u 20 MW
. Waste Heat Available

u Peak: 4.4 MW
ua Average: 2.64 MW (60% Capacity factor)
. Heat Demand?®
u Peak: 15 MW
u Annual: 24.6 GWh
- Key Energy supply equipment
ua Primary Energy source: Hydrogen waste heat (4.4 MW peak capacity)

ua Secondary Energy Source: Electric boilers (15 MW peak capacity. Used for back up
and to meet peak heat loads)

ua Energy storage: Thermal store (100 m?3 thermal store located in the Heat Network
Energy Centre)

. Heat Supply??
ua Hydrogen Waste Heat: 75%
u Electric Boilers: 25%
. Operating Temperature
U Waste Heat supply??: 80 / 50°C
ua Heat Network: 70 / 40°C

The synergy project scenario was then compared against a counterfactual scenario based on heat
network supplied by alternative low / zero carbon heat source.

For the purpose of the modelling, Air Source Heat Pumps (ASHP) were considered as a primary
heat source for the counterfactual scenario. Since there is no heat recovery from hydrogen
production, the transmission network is not required. A single energy centre local to the heat
demand cluster with distribution network was considered.

Figure 7-2 presents the counterfactual scenario modelling assumptions.

20 From North Lincolnshire Heat Mapping and Master Planning Report.
21 From Energy Modelling
22 From Electrolyser Suppliers for Green Hydrogen Projects in South Humber Region.
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Figure 7-2: COUNTERFACTUAL PROJECT SCENARIO MODELLING ELEMENTS

Distribution Network

-.._\\

All other considerations around heat demand, energy storage, operating temperatures were
assumed to be the same as the synergy project scenario.

7.2.2 Allocation of Project Costs

In the synergy project scenario, it was assumed there are two stakeholders; the hydrogen project
owner / operator and the DHN operator/owner.

Figure 7-3 presents the assumed division of project scope between the two stakeholders.

Figure 7-3: HYDROGEN (GREEN) AND DH (RED) BOUNDARIES FOR COST

‘o’ }{ =

Hydrogen ~
Project Energy | L%
Centre ]

Heat Network
Energy Centre”
'tElectric Boilers)

It was assumed that the cost for the waste heat recovery substation and its associated energy
centre investment and running costs are in the scope of hydrogen project. The transmission
network, DHN energy centre and the distribution heat network was considered to be in the scope of
the DHN project.
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It was assumed heat sales take place in two stages; in the first stage the hydrogen project will sell
the waste heat to DHN operator, and in the second stage the DHN operator will sell heat to the
DHN consumers.

7.2.3 Other Assumptions

Table 7-1 provides details of other key assumptions used in the model.

Table 7-1: ASSUMPTION MODEL

Parameter Unit Value
Project Life Cycle Year 40
Discount Rate % 3.5

With regards to carbon emissions, it was assumed that all hydrogen in this scenario can be
classified as Zero Carbon. All the emissions arising from the project are therefore driven by power
imported from the National Grid. Data on carbon intensity of the power grid over the project
lifetime was taken from the UK Government Green Book Tables.

7.3 Cost Assumptions

Table 7-2 provides the key cost assumptions used in the modelling process.

Table 7-2: SUMMARY OF KEY COST ASSUMPTIONS

Item Assumptions

CAPEX Based on Ramboll’s internal supplier database and quotes received. Table 7-3
provides a detailed cost breakdown.

REPEX Waste Heat from H2 HEX Connection: 50% of Capex after 25 years
Electric boilers: 80% of CAPEX after 20 years

Heat Pump: 50% of Capex after 15 years

Pumping equipment: 100% of CAPEX after 20 years

Water Treatment and Pressurisation: 100% of CAPEX after 20 years
Substations: 100% after 20 years

DH pipework: 100% after 60 years

O&M Based on a database of supplier data gathered by Ramboll in several previous DH
projects.
Phasing The project start year is assumed to be 2025, in line with the commissioning of the

H2 facility and the heat is assumed to be delivered to the site in 2026.

Heat Sale Rate Levelised cost of energy +10%

Table 7-3 provides a detailed technology cost assumption breakdown.

Table 7-3: TECHNOLOGY COSTS BREAKDOWN

CAPEX ITEM Unit Value Source Scenario
Waste Heat Recovery HEX kE 73.5 Supplier’s Quote H2
Electric Boilers kE 720.8 Supplier’s Quote All
ASHPs kE 1,800.0 Supplier’s Quote Counterfactual
7.4 Revenue Streams

7.4.1 Hydrogen Production

The addition of a waste heat recovery plant in the hydrogen facility can bring additional streams of
revenue and savings for the plant. The identified ones are:

] Revenues from Waste Heat sales to DHN; and,

35



SYNERGY STUDY
HEAT RECOVERY FROM HYDROGEN PRODUCTION

1 Electricity Savings in cooling tower, 2% of electricity consumption was assumed.

Given the novelty of this study in the UK, there are no previous benchmarks for waste heat
recovery costs. Thus, a LCOE approach to determine the waste heat price has been adopted: the
LCOE is given by the discounted capital, operational and replacement costs over the discounted
waste energy produced for the lifetime of the project, in this case 40 years. The outcome is a price
per MWh which guarantees no economic losses for the H; facility and represent the actual cost
associated with running and maintaining the waste heat equipment. On top of the LCOE, a 10% is
added to showcase a profit for the H, operator. It should be noted that the cost for the electrolyser
and the other equipment associated with the hydrogen production are not part of this assessment
and thus out of the cost boundaries.

7.4.2 District Heating Heat Sales

The same methodology as hydrogen facility heat sale was adopted to assess the heat selling price
by the DHN operator to the customers of the SEZ. The DHN LCOE included the transmission and
distribution networks, DHN energy centre technologies and building and energy costs, which
include the waste heat and electricity. A 10% profit allowance was considered for calculating the
heat sale rate. The same heat sale rate as calculated for the Synergy project scenario was used in
the counterfactual scenario, in order to compare which the financial results.

Table 7-4 provides a summary table showing the assumed heat sale prices.

Table 7-4: HEAT SALE PRICES

Heat Sale Unit Value
Waste Heat from Hydrogen (From H2 Project to DHN) £/MWh 2.8
DHN (From DHN to Consumers) £/MWh 83.7
7.5 Financial Assessment Results

7.5.1 Costs & Revenues

Table 7-5 summarises the modelled costs and revenues from the different scenarios, and Figure
7-4 presents a comparison of the costs and revenues.

Table 7-5: SUMMARY OF COSTS AND REVENUES FROM MODELLED SCENARIOS

Synergy Project
Item (Over 40 Years) Unit Ha DHN 7/ Cou;:g;;iitual
Heat Network
CAPEX KE 146 17,259 11,221
OPEX KE 200 8,202 6,117
REPEX KE 35 632 2,411
Energy Costs KE 1,362 33,878 62,271
Total Costs KE 1,744 59,970 82,021
Heat Sales Revenue KE 2,392 82,361 82,361
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Figure 7-4: COMPARISION OF COSTS AND REVENUES

Table 7-6 summarises the CAPEX breakdown from the different modelled scenarios, and Figure 7-5

presents a comparison of the CAPEX.

Table 7-6: SUMMARY OF CAPEX FOR MODELLED SCENARIOS

CAPEX Item Unit H_z Sync_argy Countel_'factual
Project Project Project

Energy Centre Equipment KE 146 2,248 3,021

Transmission Network and

Distribution Network and Building Connection ke B 15,011 8,200

Total kE 146 17,259 11,221

Figure 7-5: COMPARISION OF SYNERGY WITH COUNTERFACTUAL SCENARIO

Synergy Project Scenario

CAPEX £17.3 m

= Total Equipment and Energy Centre
® Transmission Network
= Distribution Network and Connection

Counterfactual Project Scenario

CAPEX £11.2 m

m Total Equipment and Energy Centre
= Distribution Network and Connection
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7.5.2

Discounted Cashflow Analysis

Key financial modelling results derived for the two scenarios are shown in Table 7-7 below,
comprising ranges of internal rate of return (IRR) and net present value (NPV) calculated over the
project life-cycle of 40 years.

Table 7-7: FINANCIAL MODELLING RESULTS

Synergy Project
Item (Over 40 Years) Unit Ha DHN 7/ Cour;tri;fee;tual
Heat Network
IRR % 14.0 4.9 0.2
Final NPV KE 284 4,072 (4,849)
Discounted Payback Years 9 28 N/7A
LCOE £/MWh 2.5 76 93

The project cashflows for the different scenarios are presented respectively in Figure 7-6 for H2
project (Synergy Scenario), Figure 7-7 for the DHN operator (Synergy Scenario) and in Figure 7-8
for the DHN operator (Counterfactual Scenario).

Figure 7-6: H2 PROJECT (SYNERGY SCENARIO) CASHFLOW

£350,000
£300,000
£250,000
£200,000
£150,000
£100,000
£50,000
£0
-£50,000
-£100,000
-£150,000

-£200,000

n
o
(=]
o

2027

2029
2031
2033
2035

= Nominal Total CAPEX
Total Energy Costs

2037

2039
2041
2043
2045

mmmm Mominal Total O&M

= Total Revenue for H2

2047

2049
2051
2053
2055

mmmm Nominal Total REPEX

2057

2059

=== Discounted Cumulative Cashflow

2061
2063
2065

38




SYNERGY STUDY
HEAT RECOVERY FROM HYDROGEN PRODUCTION

Figure 7-7: DHN OPERATOR (SYNERGY SCENARIO) CASHFLOW

“ Total Revenue from Funding and Incentives === Discounted Cumulative Cashflow
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Figure 7-8: DHN OPERATOR (COUNTERFACTUAL SCENARIO) CASHFLOW
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' Total Revenue from Funding and Incentives == Discounted Cumulative Cashflow
It can be seen from the results above that the Synergy project presents:
1 For the hydrogen project, a very strong business case with positive NPV and 14% IRR;l
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1 For DHN / heat network projects, a more attractive business case compared to the
counterfactual scenario.

7.5.3 Levelised Cost of Heat

As previously noted, the heat selling prices have been based on a LCOE analysis.

Thus, Table 7-8 presents the obtained LCOE for the different scenarios. The variable costs of the
LCOE are given by energy costs, standing costs account for OPEX and REPEX, and the connection
component for CAPEX costs.

Table 7-8: LCOE DIVISION AND COMPARISON

Svnergy Proiject Counterfactual
Y ay J Project

LCOE Unit

H2 Project to DHN to DHN to

DHN Consumers Consumers

Overall £/MWh 25 76.0 92.9
Variable Component £/MWh 1.84 34.4 63.3
Standing Component £/MWh 0.3 8.8 8.3
Connection Component £/MWh 0.4 32.7 21.3

7.5.4 Impact of Grant Funding

An assessment of different level of capital funding for the Synergy scenario has been carried out.
Table 7-9 presents the resulting IRR. The IRR increase is compared against the DHN option with

Synergy.
Table 7-9: IMPACT ON IRR (DHN) OF GRANT FUNDING

Grant Funding

IRR (40 years)

Variation from DHN H2 case

15% of CAPEX 6.2% +1.3%
30% of CAPEX 7.8% +2.9%
50% of CAPEX 11.5% +6.6%

7.5.5 Sensitivity Analysis

A sensitivity analysis was carried out in line with the requirements of the scope and focused on the
stakeholders of the Synergy project, the H, Facility and DHN Operator.

The modelled impact of each of the various sensitivity variables on project IRR for the DH Operator
are shown in Table 7-10 and Figure 7-9.

In the Synergy project scenario, the waste heat temperature is higher than the DHN operating
temperature and hence a substation is sufficient to off take the waste heat from the H2 projects.

However, if the waste heat temperature is lower than the heat network operating temperature then
additional equipment such as boiler or heat pump will be required to increase the temperature of
waste heat. This will have a negative impact on capital and operating cost of the project.

The impact of lower temperature of waste heat on the project performance was assessed by
considering the waste heat temperature 10°C and 30°C lower than the DHN operating
temperature.

Table 7-10: SENSITIVITY RESULTS DHN OPERATOR

Effect on IRR Effect on IRR IRR
(%06) (%06)
CAPEX Increase by 50% 46% 2.3%
CAPEX Decrease by 50% 232% 11.5%
Waste Heat Availability Decrease by 50% -11% -0.5%
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Waste Heat Availability Increase by 50% 183% 9.0%
Distance between Hz Project / DHN Decrease by 50% 135% 6.7%
Distance between Hz Project / DHN Increase by 50% 75% 3.7%
\I/xilfézsl-e!es; ;gr?perature Decrease / DHN Temperature 18% 0.9%
\I/xilfézsl-e!es; 'IJ'-%Tperature Decrease / DHN Temperature 39% 1.9%
Heat Sale Rate Variable Decrease by 30% 56% 2.8%
Heat Sale Rate Standing Decrease by 30% 57% 2.8%
WH Share of Heat Set to 95% 181% 8.9%

WH Share of Heat Set to 35%

No IRR Available

No IRR Available

Figure 7-9: IRR VARIATION IN SENSITIVITY ANALYSIS, DH OPERATOR

The following observations are drawn from the analysis:

1 For DHN operator the project is highly sensitive to the availability of waste heat / heat

demand and the capital cost;

1 Reducing the temperature of waste heat was also seen to make a significant impact on
the project performance. IRR is expected to drop to 0.9% when waste heat temperature
is 30°C lower than the heat network operating temperature which is likely to be the case
for the blue hydrogen projects. It should be noted that this IRR is still better when

compared with the counter factual scenario.
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7.6 Environmental Assessment Results

7.6.1 Carbon Emissions

The total emissions and expected savings for the Synergy Project against the counterfactual case
are presented below in Table 7-11.

Table 7-11: TOTAL EMISSION FROM THE DIFFERENT SCENARIOS AND CO2 SAVINGS FROM COUNTERFACTUAL;
AFTER 40 YEARS

Item (Over 40 Years) Unit Synergy Counterfactual
Project Project
CO2 Emissions tonnes of 15,390 28,985
CO2
CO2 Savings tonnes of 13,590
2 9 CO2 ’ -
Percentage CO2 Reduction % 47% -

It should be noted that the carbon savings reported above are when compared with counterfactual
scenario based on low / zero carbon heat source.

7.6.2 Air Quality

The results for air quality benefit costs are presented in Figure 7-10. The Synergy scenario
provides over £2 million savings in air quality costs compared to the ASHP scenario.

Figure 7-10: AIR QUALITY BENEFIT COSTS
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8
8.1

KEY FINDINGS, CONCLUSIONS & RECOMMENDATIONS
Key Findings

This Section summarises the key findings from the economic assessment.

8.1.1

Impact of Waste Heat Recovery on Hydrogen Production Projects

The technical impacts comprise:

l

Improved System Efficiency:
Utilising waste heat from hydrogen production will improve the system efficiency by 13 to
20%.

Reduced Auxiliary Power Consumption:

Since the excess heat generated from hydrogen production is recovered in heat networks
the cooling load on the plant’s cooling system can be reduced / eliminated resulting in
lower auxiliary power consumption.

Minimal Modification Requirements to the Plant:

The waste heat from the hydrogen production plant can be recovered with minimal
modifications to the hydrogen plant. The key consideration in making the project feasible
is to specify the electrolyser to generate waste heat at the temperature suitable for DHN.

Additional Space Requirements:

Additional space will be required for heat offtake equipment. The space required will
largely depend on the temperature of waste heat and scope split up between the
hydrogen project and DHN.

The commercial impacts comprise:

1

Additional Revenue Stream and Savings:
The project will generation additional revenue stream through waste heat sale and
savings through reduction in power consumption of cooling system.

Enhanced Business Case:
The waste heat recovery project is expected to have IRR>10% and positive NPV and
hence presents an enhanced business case for hydrogen projects.

Improved Revenue from Hydrogen Sale:
The power saved in cooling systems can be utilised to generate additional hydrogen and
hence the project has a potential to increase revenue from the hydrogen sale.

The environmental impacts comprise:

1

8.1.2

Reduced Carbon Emissions:
The project will reduce the auxiliary power consumption in cooling systems and hence will
have a positive impact on carbon emissions.

Impact of Waste Heat Recovery on DHN Projects

The technical impacts comprise:

l

Improved Efficiency of Heat Supply Equipment:

In some cases where the waste heat temperature is lower than the heat network
temperature additional equipment such as heat pump will be required to increase the
temperature of waste heat, however the waste heat temperature from hydrogen
production plants is expected in the region of 40 to 80°C which is still significantly higher
than the temperature of heat streams available from other sources (e.g. river, sewer,
ground etc) and hence the technologies such as heat pumps will have a better efficiency
when compared with other heat streams..

Reduced Energy Consumption:
Waste heat available from hydrogen projects will reduce and/or eliminate the energy
consumption from other heat supply equipment such as heat pumps and boilers.

Additional Network Infrastructure Requirements:
Heat network will need to be connected to the hydrogen projects. The additional length of
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network will largely depend on the distance of hydrogen projects from the heat demand
clusters.

1 Additional Thermal Storage and Controls Requirements:
The waste heat produced from hydrogen plants will be generated only when hydrogen is
being produced. For most green hydrogen projects this will be the function of availability
of renewable electricity. In order to maximise the utilisation of waste heat additional
thermal storage capacity and considerations in designing of control systems are required.

The commercial impacts comprise:

] Additional Capital Costs:
The initial capital cost is likely to be higher for the heat networks. The additional capital
cost will largely depend on the distance between hydrogen projects and heat clusters, and
the temperature of waste heat.

1 Lower Operating Costs:
Annual operating cost for heat networks is expected to be significantly lower compared to
the other low / zero carbon technologies due to reduced expenditure on fuel / electricity.

] Enhanced Business Case:
The analysis has shown that utilising the waste heat from hydrogen production is a more
attractive option for heat networks than other low / zero carbon heat sources such as
heat pumps.

] Reduced Cost to the Consumers:
The assessment has shown that the cost to the consumers can be reduced by
approximately 20% by utilising the waste heat from the hydrogen production.

The environmental impacts comprise:

] Carbon Savings:
Utilising waste heat from hydrogen production is expected to have substantial carbon
savings when compared with other low / zero carbon technologies. The assessment has
shown that the carbon emissions over 40 year project lifecycle will be >45% lower when
compared with heat Air Source Heat pumps.

] Air Quality Cost Benefits:
Utilisation of waste heat will reduce / eliminate the fuel / electricity consumption resulting
from heat supply equipment which will have a significant positive impact on the air
quality. The total air quality cost benefits over project lifecycle are expected to be over
£2m when compared with the alternative low / zero carbon technologies.

8.1.3 Critical (Economic) Success Factors

The sensitivity assessment was performed to identify the impact of various parameters on the
project performance, and this suggested the success of the project is highly dependent on the
following factors:

1 High Heat Demand and Availability of Waste Heat:
The project is highly sensitive to the availability of waste heat and heat demand.
Therefore, the sufficient availability of waste heat and heat load is critical to make the
project feasible.

] Capital Cost:
The project is also very sensitive to the initial capital cost. Consequently, following
enablers are identified to minimise the initial capital investment:

- Waste heat temperature higher than the network operating temperature;

- Lower network operating temperatures (e.g. for new developments and more
efficient heating systems);

- Close proximity of hydrogen projects from heat clusters; and,
- Availability of grant funding.

] Heat Sale Rate:
Heat sale rate will also have a significant impact on the project performance. In most
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cases, the heat sale rate will depend on the availability of other low-cost heat alternatives
and hence the early assessment of other alternatives and the strategic placement of the
project is crucial.

8.1.4 Transferability
8.1.4.1 Transferability to Blue Hydrogen Projects

The economic assessment was performed for a green hydrogen project. However, the synergy
concept is also applicable for the blue hydrogen projects.

The initial capital cost and operating cost is likely to be higher for waste heat recovery from blue
hydrogen projects due to the lower temperature of waste heat. The initial assessment has
indicated that the project IRR will reduce by approximately 18% for blue hydrogen project.
However, the grade of waste heat available from the blue hydrogen projects is still better
compared to the lowest / zero carbon heat sources. The assessment has also indicated that the
project’s financial performance is likely to be better than the counterfactual scenario based on
alternative low / zero carbon technologies.

8.1.4.2 Transferability to UK Wide Projects

A high-level exercise was performed to assess the UK wide impact of the Synergy concept. In
2050, green hydrogen production in the UK is expected to be up to approximately 250 TWh?23.
Considering this figure and making same assumptions as indicated in this study, the following
potential benefits to the UK wide energy system were identified:

1 Annual Electricity Savings: 13.9 TWh
] Annual CO; Savings: 3.05 m tonnes

1 Displacement of Hydrogen: If all waste heat from green hydrogen production is used to
displace the direct use of hydrogen for heating then the demand on the green hydrogen
demand can be reduced by approximately 33%. This will free up >80 TWh of renewable
electricity which can be used for other applications.

8.2 Conclusions

A main conclusion from the economic assessment is that it is technically feasible to
recover waste heat from hydrogen production without negatively impacting the
production, and that it is economically attractive to utilise this waste heat to supply
district heating networks compared to the counterfactual scenario using air source heat
pumps.

In particular, noting the selected South Humber synergy and the associated economic
modelling, there is a technically and economically feasible project opportunity.

For the South Humber synergy is it noted that:

- To recover waste heat, minimal modifications to the green hydrogen production project is
required.
- The project presented an attractive business case for both the hydrogen production and

district heat network operators, with following key financial results:
- For the hydrogen production operator: Projected IRR of 14%, with a positive NPV.

- For the district neat network operator: Projected IRR of >4%, with positive NPV
(compared with counterfactual scenario projected IRR of <1% IRR).

Additionally, in comparison with the counterfactual scenario using air source heat pumps, the
South Humber synergy could:

1 Reduce the heating cost to the consumers by approximately 20%; and,
] Reduce carbon emissions by over 50%.
Further, the economic modelling identified the following key sensitivities:

] Waste heat availability / heat demand;

23 ‘Future Energy Scenarios’ (National Grid, July 2021). Available at:
https://www.nationalgrideso.com/future-energy/future-energy-scenarios/fes-2021/documents
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] CAPEX; and,
] Difference in waste heat and district heat network temperatures.
Consequently, these parameters / sensitivities were identified as biggest risks.
In addition to the above, the South Humber synergy includes wider benefits. These comprise:

1 Public health benefits due to a reduction in electricity-related air emissions for hydrogen
and district heat network projects, and over the 40-year lifecycle, the South Humber
synergy could reduce the social cost of air quality impacts in Stallingborough by up to
£2m;

1 The potential to reduce fuel poverty by providing access to low-cost, low-carbon heat for
communities adjacent to large-scale hydrogen production projects;

1 A positive contribution towards improving energy security by reducing the electricity
demand from the heating sector, and thereby reducing pressure on the National Grid
Electricity Transmission System; and,

1 Providing a positive contribution towards rolling out of offshore wind and large-scale
hydrogen production projects by improving their financial performance, with associated
positive socio-economic and supply chain benefits.

Therefore, the overarching conclusion of this Study is that significant economic,
environmental and social benefits are associated with heat recovery from hydrogen
production, and its auxiliary processes.

However, for such benefits to be realised, hydrogen production projects would have to
be placed in close proximity to heat clusters. This not only provides an opportunity to
develop local clean sources of hydrogen (with the potential to attract new businesses to
the area), but also forms a key part of the decarbonisation of energy, and could
significantly accelerate the UK’s decarbonisation of heat.

The Synergy Study also concludes that waste heat recovery is possible from both blue and green
hydrogen production. Whilst noting that the lower temperature of heat typically available from
blue hydrogen production is likely to lower any financial returns, the overall project performance is
expected to be better than the counterfactual scenario of heat pumps.

8.3 Recommendations

The main recommendation, given the significant environmental, economic and social
benefits, is to carry out further and more detailed assessment of the synergy
opportunities identified.

Additional key recommendations, to support the further identification and development of strategic
synergy opportunities, are for:

1 Local planning authorities to proactively promote and support hydrogen production and
district heating / heat network synergies by developing guidance and requiring its
consideration through the planning process (e.g. actively encouraging new hydrogen
production infrastructure and district heating / heat network energy centre co-location);

1 The UK and devolved Government and planning authorities to require offshore wind
projects to locate onshore grid connections close to existing district heating / heat
networks, associated energy centres and / or areas of high-density heat demand;

1 The UK and devolved Governments to include a requirement, when assessing grant
funding applications for hydrogen production projects, to consider the feasibility of heat
recovery; and,

1 The UK and devolved Governments to give consideration to making dedicated funding
available for the development and delivery of heat recovery from hydrogen production
projects.

The Synergy Study has also highlighted that early engagement of hydrogen production and district
heating / heat network stakeholders is crucial for identifying, promoting and realising feasible
synergies and, therefore, such early engagement should be encouraged and prioritised during the
development of hydrogen production and district heating / heat network projects.
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In this regard, the key recommendations, to support the further identification and development of
individual synergy opportunities, are that the following steps should be taken during the early
development stages of any project:

For hydrogen production projects, practical options and associated business cases for
waste heat recovery should be assessed / included within early feasibility and FEED (F