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Abstract

Inefficient buildings are expected to produce higher relative shares of built environment heat
emissions due to sustainable barriers. New thermal production systems are required. Large
modes of thermal production often have improved economic and environmental performance
compared to individual thermal systems. Stakeholders are increasingly engaged with district
heating networks, which facilitate technologies otherwise unavailable to small individual
users. Many high temperature geothermal district heating networks are currently in operation
globally, however shallow low temperature systems are relatively unexplored. Despite large
synchronicities between subsurface potential and urban heat demands, inefficient buildings
cannot utilise shallow low temperatures directly and require thermal upgrades such as from
heat pumps. Centralised heat pumps within district heating networks often utilise medium
temperature thermal resources or supply low-medium temperatures from a low temperature
resource. No documented heat network example exists which supplies a residential district
with a heat pump temperature difference higher than 50°C. Despite technical viability in
many areas, low temperature geothermal heat pump systems for inefficient buildings do not
attract commercial investment. Theoretical system efficiencies are low and investment
magnitude and risk is high. However, commercial interest has arisen for such a system in the
residential district of Zuid-Zwijndrecht in The Netherlands. A techno-economic analysis was
conducted for a low temperature geothermal system (31°C) connected a collective heat pump,
which supplies 80°C to 2000 homes. Geotechnical data derived from a contextualised aquifer
characterisation has been translated into P90 and P50 maximum flowrate constraints for use
within the dynamic heat network modelling tool CHESS. This range of geotechnical
uncertainty has facilitated a robust indication of economic and emission performance
amongst flowrate and revenue uncertainty. Compared to individual natural gas boilers, the
P90 and P50 heat network scenarios have estimated COZ2.¢q emissions reductions of 67.7%
and 72.9% and estimated levelized cost of heat (LCOH) reductions of 5.48% and 6.6%,
respectively. The P50 and P90 scenarios are then assessed amongst low, medium and high
revenue uncertainty scenarios. The NPV ranges from €-4.7m to €11.7m. All subsidy
scenarios brackets with a €2500 connection fee (BAK) have a positive NPV irrespective of
heat price. If low flowrates are produced and no subsidies are awarded, the connection fee
required to break even is €3522 and €1622 for the 2021 and 2030 heat prices respectively.
Recommended CHESS model improvements are provided in the context of different thermal

production systems.



1.0 Introduction

The provisional agreement of the European Green Deal has set objectives to reduce
greenhouse gas emissions (GHGS) by at least 55% by 2030 compared to 1990 levels, and a
climate-neutral EU economy is the target for 2050 [1]. Thus, integrating carbon neutral
sustainable energy systems is required amongst all sectors. One solution is geothermal
energy, which is feasible in many areas globally. Geothermal heat can be used directly, or in
combination with a turbine to convert steam to electricity. Geothermal can replace
conventional baseload systems such as coal-fired heat and power. Compared to solar and
wind energy, geothermal has the benefit of low temporal variability and intermittence [2][3]

In 2020, onshore geothermal power plants operated in 29 countries with a total installed
power generation capacity of 15.4 GW and could double in the next 15 years [4]. However,
~135°C is required for conventional electricity generation (steam) and ~80°C is feasible if
using a secondary fluid with a low boiling point (Organic Rankine Cycle) [5]. Near tectonic
plate boundaries, high subsurface temperatures occur at relatively shallow depths [6]. This
does not represent the common global subsurface condition and ultra-deep drilling is often
required to achieve temperatures high enough for electricity generation. However,
permeability often decreases exponentially before reaching such temperatures, meaning open
loop systems (which use groundwater) for electricity generation is rare [7].

Direct application of low temperature geothermal (LTG) is for space heating, balneotherapy,
horticulture (greenhouses), aquaculture (fish farming) and industrial processes (drying)
[5]. The installed geothermal capacity in The Netherlands is mostly amongst horticultural.
From 2018-2019, 12 geothermal projects became 24 [8][9]. Many Dutch buildings which use
conventional radiators are too inefficient to utilise direct geothermal for space heating.
Without low temperature emitter systems, such as underfloor heating, thermal upgrades are
required. Upgrades such as from heat pumps (HPs), are common amongst small individual
systems. In recent years, interest has shifted towards large collective systems within district
heating networks (DHNs) [10]

In 2020, 6.2 PJ of heat was produced in The Netherlands [11], and by 2030, between 100 and
300 PJ of total geothermal capacity could be developed [12]. If interest into DHNSs continues,
100 PJ of networks in 2050 (3.3 million homes), could supply 40% of the total Dutch built
environment heat demand [13]. Under current Dutch policy, the 363,000 DHN connected
dwellings in 2013 will become 549,000 in 2030 (=17% new constructions). However, the 13
large DHN systems predominantly used production from gas and coal-fired boilers.
Collective heat pumps were just 1% of the small DHN (>5000 consumers) capacity [14][15].

The WarmingUP project [16] is reviewing production sources for a new DHN in the
residential district of Zuid-Zwijndrecht in The Netherlands. This study considers the cost and
emission performance of a low temperature geothermal (LTG) system connected a collective
heat pump (LTG-HP). The DHN satisfies all the necessary spatial and technical criteria for
the residential area of Zuid-Zwijndrecht. Seismic surveys have already been interpreted, and
the viable aquifer is within the Brussels Sand Member [16]. LTG data is used within CHESS,
a DHN modelling tool which facilitates an accurate techno-economic analysis of an LTG-HP
system combined with auxiliary technologies.



2.0 Background and Societal Relevance

2.1 The Built Environment

World population is projected to increase from 7.8 billion in 2020 to 9.7 billion in 2050 [17].
Economic development is a greater long-term causal factor to increased energy demand. The
United Nations predicted that around 6 billion people will live in cities in 2050, many of
which are highly vulnerable to environmental change [18]. In 2007, the built environment
consumed 40% of all global energy, which is responsible for 30% of the global greenhouse
gas (GHG) emissions. Operational emissions from heating, cooling, and lighting were 80% of
lifecycle building emissions, roughly 24% of the global total [19]. A decade later in 2017, the
global GHG emissions of the building sector became 39%. This translates to 28% from
operational emissions and 11% from materials, construction, and deconstruction [20]. As
building demand increases, decarbonisation is required to significantly reduce global GHG
emissions.

Large reductions can only occur from committed investment and policy. The biggest
investors of global renewable capacities from 2010-2019, were China (31%), Europe (28%)
and the U.S (14%) [21]. This implies that 73% of global renewable capacity investments are
from 32% of the global population [17]. Likely areas of infrastructural investment are regions
with projected emission reductions, as seen in Fig. 1. [22] Gross Domestic Product (GDP)
and average national temperature are negatively correlated [23], whilst GDP and renewable
energy consumption are positively correlated [24]. Although such trends have anomalies,
colder regions are likely to attract more sustainable investment per person. Thus, researching
ways to reduce operational built environment heat emissions is particularly pragmatic. This
can be from efficiency measures and new modes of thermal production.
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Fig. 1: The projected change in total building emissions (construction and operation) from 2010-2030 by region



2.2 Thermal Efficiency

In a 2010 sample of moderate-cold climate buildings, the average space and water heating
consumption was 60% of the total operational energy use [22]. In 2018, the global built
environment heating consumption was 45% from natural gas and 37% from oil [25]. High
building emissions are intensified when old buildings in cold urban environments have poor
insulation. Fig. 2 shows that the building sector has the largest unrealised potential of
cost-effective efficiency savings of energy and emissions globally. Residential and
commercial buildings represent 34% of the total opportunity to improve productivity by
sector, namely the energy consumption per unit of GDP [22]. The theoretical potential to
lower global GHG emissions via efficiency measures, was noted to be 83% less than the
business-as-usual scenario relative to 2050 projections [26]. However, techno-economic
constraints often prevent such potential, with sub-optimal efficiency improvements from low
renovations often being ’locked in’ [27].

Agriculture Industry Energy supply Foresiry Transport Waste

w cost’ emission reductions . Medium cost’ emission reductions . ‘High cost’ emission reductions

Fig. 2: Demonstration of different sectors and their cost and emission reductions, showing buildings to have the
largest unrealised potential of cost-effective efficiency savings globally

The theoretical potential of 83% is optimistic, as deep renovations are unlikely at the global
scale. Superinsulation measures, such as those seen from ‘passive houses’ are currently
unrealistic without significant market changes and policy [28]. In 2016, only 60,000 passive
homes existed, mostly in Europe, U.S., Canada, and Japan [29]. Therefore, whilst proof of
concept exists, achieving high thermal efficiency is rare and is mostly present amongst new
buildings. Replacing an existing building envelope with thick, super-insulated material, is
evidently an unpragmatic, impractical or technically impossible endeavour.

Multiple cold-climate studies showed that cost-effective insulation measures could only
reduce 20-50% of demand [30]-[32]. A positive business case also depends on low
temperatures and discount rates, and high fuel costs, technological learning rates and
subsidies [33]. As the economic viability of insulation measures is a barrier, large uncertainty
regarding the extent of emission reduction potential in moderate to cold climates is added.
The global correlation between increased GDP and increased energy consumption is very
strong. However, the policy to reduce energy demand is limited and contested [34].



This relationship is further corroborated by Fig. 3, which highlights projected residential built
environment data towards 2050. As population and economic development increase, so does
total and relative (per person) building requirements. As shown, the predicted energy demand
is higher than the 7% efficiency savings (energy per area) which offsets demand [30]. As the
theoretical maximum efficiency savings are likely to be less than the additional energy
demanded, new sustainable modes of building heat production is required.
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Fig. 3: Projected residential built environment data towards 2050

In Europe, improving building efficiency is particularly hard due to the prevalence of the
landlord-tenant dilemma. Therefore, there is little incentive for landlords to invest in
efficiency improvements of rental properties [35]. The Netherlands has low insulation
renovations rates (3 label steps). This is partly explained by the large numbers of rental
properties [36] and cost-ineffectiveness of insulation investment [37]. If energy prices remain
stable, energy label B renovations are mostly cost-ineffective. When simulating high energy
prices and low insulation investment, only 25% of buildings have cost-effective renovations
[38]. Without changes to current market mechanisms, techno-economic and social barriers
will continue to determine low insulation renovation rates amongst existing buildings.

Whilst minimum efficiency restrictions are emerging for new constructions, existing
buildings will have higher relative heat demands per area. If sustainable production systems
are not implemented in existing buildings, this results in higher relative shares of future built
environment heat emissions. This spatial trend will increase in developed nations, as existing
stocks are large, whilst new buildings are built relatively slowly [30] and become more
constrained to efficiency standards. Conversely, in developing countries, building life spans
are shorter (25-35 years), and the rate of new building stock is rapid [27].



To summarise, emission reduction potential is large from efficiency measures, but in practice
the extent of efficiency investment is constrained for the existing building stock. Developed,
often cold regions, have low building construction rates, whilst the existing building stock
has low renovation rates. As resolving building efficiency barriers is uncertain, so is large
GHG reductions from thermal efficiency alone. Especially as domestic heated water (DHW)
demand is largely unaffected when the building envelope is changed (only space heating)
[39]. Thus, new sustainable thermal production systems are required to resolve these apparent
barriers facing existing buildings, particularly in moderate-cold climates.

2.3 Thermal Production

New modes of sustainable thermal production can reduce the emissions associated with an
increasing space heating and DHW demand. However, this extent differs amongst built
environments globally. The EU-28 (28 EU member states) is used as reference frame due to
the abundance of sustainable thermal production literature, political interest, and prior
investment trend predictions. In 2015, many large and cold countries have some of the
highest CO: intensity amongst the EU-28 (Fig. 4). The EU-28 residential heat consumption
fuel mix is shown in Fig. 5. Natural gas comprised the majority (53%) of emissions, followed
by oil and coal at 23% each. Note that, biomass is assumed carbon neutral [40], however
biomass has substantially higher particulate matter (PM) emissions compared to natural gas
[41]. If unmitigated, PM is a contributing variable to increased mortality. In 2016, PM.s was
associated with 4.1 million deaths globally (95% confidence interval) [42]. Thus, importing
rurally generated electricity to facilitate new modes of thermal production can vastly improve
urban air quality and health from an operational perspective.
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2.3.1 Air Source Heat Pumps

As renewable power generation costs continue to fall [43], heat electrification is becoming an
increasingly more economically attractive option. Power to heat (P2H) technologies such as
electrically driven heat pumps (HPs), if powered by a high renewable share, can reduce built
environment heat emissions [44]. The electricity production mix is an important
consideration in determining the emission reduction potential. In 2021, individual HPs were
considered highly sustainable in Latvia and Lithuania. Conversely, the Estonian electricity
mix has a high emission factor, meaning natural gas boilers have lower operational CO>
emissions [45]. However, relative to fossil-fuel combustion, individual all-electric Air-source
heat pumps (ASHPs) reduce air pollutants, namely SO (sulphur dioxide), NOx (nitrogen
oxides) and particulate matter (PM) [45]. In Latvia, ASHPs had the highest sustainability
index, from 19 indicators. Notably, from significantly less PM relative to wood and oil
boilers [41].

As well as the electricity mix, the effectiveness of emission reduction via HPs depends on the
timing of the peak electricity and heat demand, which varies amongst different climates. In
Western Europe, the residential heat demand coincides with the peak non-heating electricity
demand [46]. Peak electricity demands are typically generated from natural gas-fired
turbines, of which offer high operational flexibility (fast ramping), at the expense of high
operational costs [47]. ASHPs are relatively inefficient, but have the lowest investment, and
are commonly deployed to individual buildings [48]. Thus, the aggregation of numerous
distributed inefficient ASHPs, can result in peak demands with high associated emissions and
end-user electricity costs. ASHPs are also less cost-effective over the lifetime than high
investment and efficiency ground-source heat pump (GSHP) [48]. Thus, the aggregation of
many decentralised ASHP capacities is both environmentally and economically sub-optimal
from a macro-perspective.

If buildings are poorly insulated, techno-economic restrictions may also apply to individual
all electric ASHPs. For Dutch buildings, all-electric ASHPs are unsuitable for buildings less
efficient than label C, and label B is required for comfort in pre-war constructions. Technical
unsuitability relates to inefficiency, creating a peak demand larger than the voltage constraint.
Economic unsuitability relates to peak electricity prices coinciding with peak heat demand
[49]-[51]. Furthermore, both technical and economic unsuitability relates to the higher supply
temperatures required for comfort. Fig. 6 shows that higher supply temperatures will result in
an exponentially lower Coefficient of Performance (COP), namely the efficiency. Note, that
the COP range represents the variance from different HP refrigerants [52].

15 20 25 30 35 40 45
Tcond-Tverd [°C]

Fig 6: Exponential increase in COP as the temperature difference between the HP source and supply decreases



2.3.2 Ground Source Heat Pumps

As individual all-electric HPs are particularly unsuitable for buildings less efficient than label
C, larger and more efficient systems are required to supply buildings constrained to higher
supply temperatures. A ground source heat pump (GSHP) is widely regarded as a shallow,
low enthalpy geothermal system. A fluid is circulated through soil, bedrock, and a borehole
heat exchanger, typically 50-200m deep [53]. GSHPs are often closed loop systems in urban
environments with strict water safety regulations. The fluid is typically water, or for more
efficient thermal transfer, the less corrosive but toxic, glycol is used. However, this is not
recommended due to the risk of drinking water contamination [53]. In moderate-cold
climates, GSHPs are economically and environmentally preferred over ASHPs, due to the
utilisation of seasonally consistent subsurface temperatures [48].

GSHPs were deemed the most cost-effective way to reduce primary energy consumption
amongst two apartment case studies in Finland (constructed in 1960-1970), relative to
insulation measures and other sustainable production [54][55]. However, in The Netherlands,
an emission reduction objective within an office building model indicated sub-optimal GSHP
operation. Fig. 7 shows the emission reductions to be very low past 70% HP capacity, whilst
the annualised costs (investment and operation) rise enormously [56]. A hybrid system,
namely, electricity and natural gas is thus required. From Fig. 7, at least 30% of the peak load
should be covered by natural gas for a cost-effective heating system. Note that, the 2018
Dutch emission factor and electricity cost is used, thus conditions will change in the future.
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Fig 7: Computational simulation results from an emission optimisation objective of a Dutch office building



2.3.3 Groundwater Heat Pumps

For equal flowrate and generalised pressure correlation assumptions, a higher thermal
baseload and efficiency occurs at depth [49]. Thus, a higher thermal baseload from deeper
subsurface drilling will generally reduce relative operational emissions. Note that, this is a
general trend as technical anomalies exist, and aquifer-specific characteristics differ
geographically. Drilling deeper for a higher source temperature is required for buildings in
cold regions such as The Netherlands, which require a supply of around 70-90°C [49].
Unfeasible permeability often prevents viable extraction deeper than 2-3 km. Thus, for a
geothermal gradient of 31.3°C/km [57], thermal upgrades such as from HPs are required to
supply residential temperatures. The prior all-electric GSHP study [56] suggests that cost-
effective emission reductions, require a cheaper auxiliary heat source (natural gas), for a
Dutch peak demand. This is due to natural gas being cheaper than electricity [58], while the
electricity grid emission factor is shown to be relatively high in The Netherlands. The
emission factor is expected to reduce in the EU, with Fig. 8 showing the average reductions
towards 2030 [59].
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Fig 8: GHG emission intensity (g CO2/kWh) from public electricity production in the EU

In many dense urban contexts, GSHPs are often spatially unfeasible for application to single
buildings [60]. The aggregation of many GSHPs is evidently less space-efficient than the
equivalent capacity concentrated in a larger central location. The heat distribution grid is
often spatially feasible, as excavation is typically 0.8m underground [61]. Thus, up to a point,
deeper systems are a spatial-legislatively and techno-economically pragmatic solution.
Groundwater heat pumps (GWHPs) are less common than GSHPs and circulate groundwater
between two or more wells in an open system [62]. GSHPs are more commonly
acknowledged as shallow and closed-loop systems, whilst GWHPs are deeper and open-loop
[62].



GWHPs in a Danish case study were indicated as more cost-effective over the system lifetime
than decentralised ASHPs and GSHPs [63]. Thus, the benefits of higher efficiencies, cheaper
fuels and lower relative investment was higher than the additional thermal losses and costs of
the distribution network. Although emission reductions were not compared [63], operational
emissions per unit of heat produced are likely to reduce with depth (larger thermal baseload).
Thus, considering favourable aquifer conditions apply, deeper (than GSHP) GWHPs are
particularly pragmatic for countries transitioning away from high electricity grid emission
factors. The following HP-related substantiations are now made to favour a high capacity
centralised GWHP system and not multiple small capacity GSHP systems:

e Large central consumers can attain power regulating market benefits, lower
distribution tariff per MWh and cheaper power prices as a large consumer [13].

e High-capacity HPs have a lower investment per energy. Table 1 shows GWHPs have
particularly large relative capacity costs reductions towards 4-10MW, nearly the same
investment as the equivalent capacity of an inefficient ASHP [64].

e For the same distributed demand, a central HP capacity is lower than individual HP
systems, as peak demands do not occur simultaneously [65].

e Electricity grid losses are proportional to the square of the power transmitted, noted as
significant for peak demands in France. Smaller units on the low voltage network are
also less efficient [66]. Efficient HP systems connected to higher voltages induce
lower relative electricity grid reinforcement costs [50].

Table 1: Specific total investment costs for different HP projects depending on the heat source and capacity [64]

Specific costs, million MW  Flue gas Sewage water  Excess heat  Groundwater — Air

0.5 MW <HPcupaciy < I MW 0.63t00.53 1.91to1.23 130t0 097 1.72to1.18 1.12 to 0.90
I MW < HP¢qpacity < 4 MW 0.53t00.46 1.23t00.72 097t00.72 1.18t0 0.77 0.90 to 0.73
4 MW < HPcopaciy < 10 MW 0.46t00.44 0.72t00.62 0.72t0 0.67 0.77 to 0.69 0.73 t0 0.70

2.3.4. Low Temperature Geothermal Heat Pump

The GWHP system is preferred but the depth has not yet been delineated. For geothermal
applications, the source temperature increases linearly with depth. For equal flowrates, this
results in geothermal power increasing with depth. However, flowrates are geologically
restricted, as shown in Fig. 9, by the decreasing geothermal power and levelized cost of
energy (LCOE) amongst aquifers deeper than 1.82km. Namely, the contribution to
geothermal power from linear temperature additions is less than the negated flowrate from
exponentially reductions in permeability and thus transmissivity (product of permeability and
net thickness) [7]. Furthermore, the decrease in LCOE deeper than 1.82km is more
pronounced than the geothermal power reduction. This results from an exponential increase
in operational power requirements for the hydraulic production pump to overcome resistance
amongst more pressurised formations. This is highlighted in Fig. 10, in which a linear
increase in pump pressure difference for a linear addition in flowrate (and thus geothermal
power), will cause exponential reductions in geothermal COP [67].
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Figure 10: Fingerprint plot showing pump pressure sensitivity to input and output parameters

Although up to around 1.82km depth is generally cost-effective, a shallower geothermal
system is a more pragmatic research avenue within dense urban environments. Compared to
deep systems, shallower geothermal systems are likely to have:

e Lower relative drill price per m (depth is an exponential in the CAPEX equation) [68]

e Less space requirements [49], thus a viable geological formation is more likely to be
synchronised to a spatial-legislatively viable urban space. Having production close to
demand will reduce pipe length and thus distribution costs and thermal losses

e Lower investment and techno-economic risk during the drill and early operation
phase, a benefit for attracting commercial interest [49]

e A deep geothermal project in Groningen was halted due to induced seismicity [69].
Shallower systems have a lower temperature difference and sediments are often less
consolidated. These conditions both result in less stress and seismicity [70][71]



Shallow geothermal systems are preferred and hereafter discussed as the techno-economically
pragmatic research solution for residential heat demand. The subsurface is often divided by
depth for supervision and subsidy allocations. Shallow geothermal resources are often noted
as 400-500m-bgl (below ground level) in several countries [72][73]. However, for research
purposes, temperature is a far better and transferable technical delineation. Therefore, low
temperature geothermal (LTG) is used, which is broadly standardised as being 20 to 55°C.
This represents a common subsurface condition between 250 and 1250m-bgl [49].
Temperatures can be higher within these depths, but anomalously high geothermal gradients
synchronised to urban environments are comparatively rare. Many outliers exist globally,
such as cities with hot springs, which is a feature which may have once attracted the initial
development.

For equal supply temperature and flowrate, the geothermal temperature increases linearly
with depth. As previously shown in Fig. 6, the HP-only efficiency exponentially increases as
the difference between source and supply temperature decreases. However, for the combined
LTG-HP system efficiency, it is more complicated. As previously shown in Fig. 10, a higher-
pressure difference (seen within deeper formations), will have a reduced hydraulic pump
efficiency. Thus, exponentially less pump power is required to overcome hydraulic resistance
at shallow depths which contain a lower pressure difference. Fig. 11 combines these two
opposing forces of temperature difference (HP-only) and pressure (LTG), to determine the
combined LTG-HP system efficiency amongst different LTG source temperatures. This is
denoted as the seasonal performance factor (SPF), namely, the annual average COP. A fixed
70°C supply was used, as well as generalised pressure interpolations and equal flowrates for
transferability [49].

Fig. 11 shows the SPF for the combined LTG-HP is relatively high for 15°C. However, many
buildings require 80-90°C for comfort (not 70°C) [49]. Thus, a higher supply temperature
will reduce the HP-only efficiency for a fixed 15°C source. A deeper LTG source can reduce
absolute emissions if flowrates facilitate higher geothermal power, and if natural gas bycatch
and electricity emission factors are low. However, as seen in Fig. 11, the 20°C source is
modelled as having sub-optimal LTG-HP efficiencies. Above 30°C, higher relative LTG-HP
efficiencies are noted, thus the relative and absolute emissions per thermal production is
lower. The profitability depends on the additional heat benefits for higher drilling and
pumping costs.
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Figure 11: LTG-HP system efficiency trend amongst different source temperatures for a fixed 70°C supply [49]



2.4 District Heating Networks

Large heat demand revenues are required to warrant investments for drilling deeper. Thus, for
residential application, often district heating networks (DHNSs) are required to supply many
individual end-users. DHNs distribute centrally generated heat via insulated water pipes and
heat exchangers for space heating and sometimes domestic hot water (DHW) [74]. DHNs can
facilitate technological inputs which are otherwise, spatially and/or economically unfeasible
for decentralised consumers, such as GWHPs and waste heat from industry [13]. DHNs also
allow more flexibility than individual system design, in the type and extent of auxiliary
production and thermal storage. Also, numerous thermal technologies provide more nodes for
the realisation of optimal cost and emission operational objectives. Therefore, flexible design
and operation can accommodate economic and environmental stakeholder preferences [74].

4th generation district heating (4GDH) signifies the condition in which smart IT and lower
network supply temperatures (30-70°C) can be applied [75]. These supply temperatures are
possible amongst efficient buildings with low temperature heat emitter systems (floor, wall,
and roof heating). Superinsulation facilitates very low space heating supply temperatures,
however, DHW requires 55°C to avoid legionella bacteria. Higher temperatures are required
if home storage is used, or large volumes exist between the heat exchanger and tap [76].
Many newly built low energy buildings regimes operate on a 55°C supply and 25°C return
[77]. However, older buildings which have not been renovated require higher space heating
supply temperatures, as the heating requirement per m? is higher [38].

Denmark, Lithuania, Sweden and Germany are in the transition from 3GDH to 4GDH. In
2016, the range of characteristic DHN supply and return temperatures were 80-86°C and 40-
47°C respectively [78]. These annual average temperature regimes are characteristic to pre-
1980 constructions in South Sweden [79]. A GSHP system in Germany for 127 buildings
within a DHN (40°C space heating and 60°C DHW) had an estimated 64% less CO2
emissions and 5% less annualised costs than the natural gas reference scenario [80]. As seen
in Fig. 12, a newly established DHN (65/30°C) in Denmark which uses an all-electric
collective GWHP is more cost-effective than 1800 individual home systems [63]. Therefore,
the high GWHP efficiency and low relative investment capacity and electricity price resulted
in cost reductions higher than the DHN investment and heat loss costs. Note that, different
costs, benefits, taxes and subsidises apply elsewhere [63]. However, a large GWHP within
newly built DHNs is indicated to be economically feasible for a 65/30°C regime in Denmark.

LTG-HPs within DHNs can be collective or individual. Collective is when a central HP
system upgrades LTG before distribution. Individual is when LTG is distributed to multiple
individual HPs within buildings or neighbourhoods [38]. No relevant documentation is
available to determine the preferred system. The collective HP is favoured from the following
deductive reasoning. The theoretical techno-economic benefits (Section 2.3.3) are shown to
provide an optimal model for a collective LTG-HP within a Danish DHN. As the techno-
economic performance of neighbourhood HPs within DHNs, lies between individual and
collective HPs, the collective HP system is more likely to be economically (as well as
spatially) pragmatic. Compared to low temperature distribution of the same supply
magnitude, higher temperatures require lower DHN pipe volumes [81]. Fig. 13 shows that the
lowest DHN costs occur when pipe diameters minimised, up to a limit, as cost increases
exponentially for very low diameters (pump power costs rise exponentially). Thus, a large
central HP system which supplies medium-high temperatures (80°C) to many existing
buildings will have cheaper total DHN costs than the equivalent low temperature DHN [81].
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3.0 Scientific Relevance

Heat electrification has large theoretical emission reduction potential for fossil-fired buildings
in countries with low or reducing electricity grid emission factors. It was deduced in section 2
that cold climates are more pragmatic avenues of investment. No universally optimal system
exists as contextualisation is required to neighbourhood-specific production, storage and
building conditions and barriers. The compatibility of individual ASHPs depends on the
supply temperature and thus, the thermal efficiency of the building envelope. Also, compared
to subsurface sources, ASHP systems are cost-ineffective, whilst larger GWHP systems
within DHNs have theoretical and proof of concept techno-economic benefits. General
subsurface indications of efficiency and cost-effectiveness suggest deeper than 700m is
preferred [7][49]. This is corroborated by a Danish rule of thumb, which states that between
800-3000m-bgl is profitable [82]. This range matches the LTG in Albertslund, in which a 35-
40°C source supplies space heating to 2200 high efficiency buildings via a DHN [83].

Deep and large systems in urban environments are more likely to have geological barriers and
spatial-legislative restrictions, thus LTG is a technically and spatially pragmatic solution in
urban environments. However, the subsurface between 250m and 1500m-bgl is relatively
unexplored [49]. LTG is operational within residential DHNs in Thisted (Denmark), which
has some of the lowest residential heat prices in Denmark. An LTG source of 48°C (1200m)
and 44°C (1250m) is used in combination with biomass-fired absorption HPs, boilers and
waste incineration heat [82][84]. Geothermal district heating is well established in France,
with supply temperatures ranging from 56-85°C (1600-1800m) [85]. Despite viability in
many areas, LTG-HP systems are inefficient for high supply temperatures. When large
economic risk is considered, LTG attracts low commercial interest for old and inefficient
buildings. Thus, LTG-HP research may be an economically viable option for such buildings,
thus providing stakeholder another option to consider in the sustainable heat transition.

The documented operational or modelled centralised HP systems [49][63][80][82][84] within
DHNs, utilise either medium-high temperature thermal resources, or supply residents with
low-medium temperatures via a low-medium temperature geothermal resource. There is no
available documented DHN which supplies a residential district with an LTG-HP temperature
difference higher than 50°C. The only relevant and available detailed techno-economic
analyses of LTG-HPs within medium-high temperature residential DHNs are in Denmark and
The Netherlands [13][49]. However, difference prices and taxes apply and so the economic
viability is mixed. Both studies used generalised parameters, thus the model robustness is
low. The missing scientific gaps are hereafter discussed.

Denmark

The only available literature which economically compares residential LTG-HP systems
within DHNs to individual systems is in Denmark. The study [13] indicated that an all-
electric GWHP system has a better economic performance compared to individual systems.
Low emissions are expected but the extent was unquantified. Although the economic
methodology was detailed, the technical methodology was generalised, thus lacking overall
accuracy. Table 2 describes this along with that an ideal, but unrepresentative system
condition was examined. Resolutions to guide the system conditions and methodology is
explained.



Table 2: The scientific gaps in the Danish case study [13] and respective resolutions to guide the research

Problem Description

Resolution

No Subsurface Context: As many systems were
compared, LTG-HP is very generalised. The HP
supplied 65°C from a DHN return temperature of
30°C, whilst the LTG source temperature is
unsubstantiated. No depth is indicated, and as the LTG
flowrate is unknown, the temperature cannot be solved
from power. Using Fig. 11 (70°C supply) as a rough
guideline, the COP of 4 used in the study suggests an
LTG temperature of 40°C (1000m-bgl)

Using reliable subsurface parameters will
facilitate accurate costs and HP efficiency.
Thus, geological expertise is required to
characterise a viable aquifer. The flowrate and
temperatures can then be applied within a
dynamic DHN model. This results in an hourly
HP-only COP which can then be combined
with the LTG production pump for an accurate
LTG-HP system COP

Topology: The GWHP had both a static COP of 4 and
pipe thermal losses of 8.5%. Capacity was generalised
from a simultaneity factor and demand was determined
via heat output per m? (using an outside temperature
function). Furthermore, the ratio between LTG-HP
(€0.7m/MWy,) and peak electric boiler capacity
(€0.08m/M W) is unknown

Use a high resolution and representative
thermal demand profile within a DHN thermal
solver. This can facilitate accurate estimates of
the HP-only COP, heat losses and topology
capacity ratios. Such ratios can be rationalised
from the thermal balance and tailored to the
peak heat demand

Building Condition: 130m? buildings demanding up
to 13800 kWh/year (49.68 GJ/year), and the minimum
air temperature (-14°C) is an uncommon building
condition. Thus, the model uses very high revenues per
connection, especially for a supply temperature of
65°C. As shown, in section 1.2, the building efficiency
barriers result in temperature regimes higher than
65/30°C. Thus, the COP will also be lower, adding
further uncertainty to the economic viability for an
average building

As the revenue per connection and COP (low
supply temperature), is a higher than usual, a
representative North European urban building
condition is required. This is noted as being an
average area of 71 m? [86], a demand of 36
GlJlyear [87] and a minimum air temperature of
0°C [88]. The North European average DHN
temperature regime is around 80/40°C (supply-
return) [78] and an energy label D home [89]

The Netherlands

A static model concluded an LTG-HP system in The Netherlands can reduce primary energy
consumption and CO2 emissions relative to gas-fired heating systems (Table 3). Emission
reductions expected to increase towards 2030 [49], as renewable capacities in the Dutch
electricity mix increase. However, a positive LTG-HP business case (600m at 27°C for 1770
existing homes), is only possible if a connection fee of €2000-4000 per dwelling is applied.
This is an additional fee on top of the SDE+ subsidy for an LTG-HP system. Although,
economic data is detailed, accuracy is lost from technical data derived from static factors and
annual averages. This was highlighted as a limitation and thus, an area of recommended
further research. Contextual LTG data and a dynamic heat demand within a DHN model will
facilitate accuracy. Namely, DHN pipe size and thermal losses and the GWHP electricity
requirement, thermal output, and capacity. Auxiliary systems facilitate a thermal balance, and
technical data provides a robust foundation for an economic and emission model.

Table 3: Modelled CO; emission reductions towards 2030 of a Dutch LTG system, with and without a
centralised HP, relative to individual natural gas boilers [49]

Jaar 70°C with heat pump 50°C with heat pump 40°C direct
2017 35-38% 49-52% 71-80%
2020 47-50% 58-61% 76-84%
2030 61-63% 69-72% 83-88%




A contextual approach is required using hourly heat demand profiles. A thermal solver can
then facilitate an accurate sizing of system capacities and the expected operational output
amongst production, distribution, and storage. Different outcomes to [49] may be seen when
accurately quantifying economic and emission topological performance. This can be achieved
using the dynamic thermal solver CHESS (Controlled Hybrid Energy Systems Simulator), a
proprietary software tool developed by TNO. Production and storage can be assigned an
activation priority and the solver will attempt a thermal balance based on the desired
temperature regime [90]. Therefore, CHESS serves as the technical foundation for the
economic and emission analysis.

As the Dutch study [49] focused on providing transferable depth relationships, not a
contextual approach, the technical subsurface and thus, topology parameters were
generalised. The LTG in the approximate business assumed a max flowrate of 300 m%/hr of
27°C geothermal fluid with an unknown Cp (specific heat capacity). The injection
temperature was fixed at 8°C and operated at 2800 full load hours a year. However, injection
temperatures should fluctuate with heat demand, and the flowrate methodology was
unsubstantiated. Thus, 3D geotechnical data derived from a contextualised aquifer
characterisation can facilitate a reliable indication of the maximum LTG flowrate. Then,
CHESS simulates output profiles of flowrate and injection temperature (production
temperature is fixed) for a robust estimate of LTG full load hours.

The extent of economic uncertainty (+/-30%) relates to unsubstantiated and approximate cost
indices [49]. A rationalised economic and geotechnical uncertainty range is more reliable. A
different study noted that the heat price was the most sensitive variable to the NPV (net
present value) for a deep geothermal doublet [91]. The technical uncertainty for a geothermal
project mostly relates to geological variables which influence the flowrate, as a fixed depth
provides a relatively fixed temperature. Thus, geotechnical data derived from an aquifer
characterisation can facilitate a rationalised estimated uncertainty range of flowrates.
Although the residential heat demand uncertainty is also large, thermal renovations are
difficult to predict and quantify with accuracy. Thus, the future development of the heat price
is likely to be the most sensitive parameter, whilst also being a more justifiable range to
embed within revenue scenarios.

To conclude, a positive economic conclusion from the Danish study is an unrepresentative
and economically favourable building condition. However, the negative economic conclusion
from the Dutch study is based on generalised technical inputs of the subsurface and DHN
system. The only relevant and available literature on an LTG-HP system within a DHN has
conflicting economic indications. However, both use generalised inputs and different cost and
revenue structures. A more contextual approach for existing moderate-cold climate buildings
is required. An aquifer characterisation is required for contextual accuracy, whilst also
facilitating rationalised geological uncertainty ranges. When combining this data into the
dynamic solver-based model CHESS, the cost and emission performance of the combined
LTG-HP, thermal storage, and auxiliary production within a DHN, can be indicated. This
facilitates the required accuracy for policymakers and project developers to accurately assess
the viability.



A lack of existing residential LTG-HP systems and documented feasibility studies result in a
lack of investment. Especially as preliminary indications of economic viability from tools
such as ThermoGIS, indicate low probability of profit [92]. This is shown in Fig. 14, which
shows an LTG-HP that utilises the Brussels Sand aquifer in The Netherlands (= 600m-bgl).
The prevalence of ‘indication’ areas imply that many systems will have a 10% chance of
breaking even (P10). Very few locations have a ‘moderate’ indication (P30) and even less
areas have a ‘good’ indication (P50) [92]. While LTG-HPs are spatially pragmatic and
technically feasible in many locations, investment is likely deterred from a P10 or P30
indication.

Most commercial investors require a business case based on P90 economic certainty [49].
Thus, at least P50 is required to persuade most stakeholders to fund a detailed feasibility
study. The ThermoGIS regional indications characterise aquifers based on available borehole
data in the 1x1km grid [68]. Thus, if data availability is low, interpolation will induce a high
uncertainty. The average aquifer characteristics simply cannot represent the site-specific
detail of fine-scale 3D models. Therefore, to facilitate a robust techno-economic model, the
use of contextualised geotechnical data from well logs in combination with seismic
interpretation is required.

ThermoGIS also assumes a vertical drill orientation, without flowrate stimulation measures.
Additionally, an economic lifetime of 15 years is assumed, namely that investments must be
returned within the duration of the SDE+ subsidy [68]. Although geothermal system lifetimes
are often double or triple this [93], from an economic perspective, 30 years is a pragmatic
time [94]. Note that, residential payback period requirements are cited to be around 7 years
for a GSHP system [95]. As Fig. 14 shows, the LTG-HP system in the Brussels Sand
Member within The Netherlands is unlikely to attract commercial interest in most areas.
Despite this, a heat company who have experience with DHNs are interested in an LTG-HP
system in the Brussels Sand aquifer in Zuid-Zwijndrecht, an area which has a projected P10
economic indication.
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Figure 14: ThermoGIS regional economic potential within the Brussels Sand Member in The Netherlands



ThermoGIS omits the DHN costs, meaning heat is sold at wholesale heat prices to an external
system operator. Yet, the wholesale price is only attainable and relevant for an economically
viable system for both parties. Thus, for a realistic economic analysis, the responsibility of
producer, distribution system operator and supplier, must be assumed. Before environmental
performance estimates can apply, the economic viability of LTG-HP must first be guaranteed
through comparison to individual systems. In the EU-28, heating systems are mostly fired by
natural gas (Fig. 4) and the LTG-HP system must be cheaper to persuade end-users. This is
also embedded in Dutch law, namely the “not more than otherwise principle’ in which the
Netherlands Authority for Consumers & Markets (ACM) determines the heat price at the end
of each year [96]. As 95% of Dutch buildings are natural gas-fired, mostly boilers [12], a
positive business case only applies when the sold heat is less than or equal to the projected
equivalent annualised costs for individual natural gas boilers throughout the economic
lifetime.

To conclude, new sustainable thermal production systems are required as built environment
emission reductions are techno-economically constrained. Namely, the increased demand is
projected to be higher than the energy saved from improved efficiency measures. Geothermal
DHNs are a solution which, at greater depths, generally have an increase in techno-economic
performance (costs and efficiency). Therefore, many deep systems within residential DHNs
are in operation. However, shallower systems are likely to have less induced seismicity and
spatial-legislative barriers within urban environments. Thus, LTG (20-55°C) combined with a
large, centralised HP, is a pragmatic solution for many urban buildings. However, no
operational LTG-HP within a residential medium-high temperature DHN is known to exist.

As the Dutch approximate business case [49] used generalised metrics, there is a need for
more precise LTG and DHN data. For geotechnical ranges of maximum flowrate, the
dynamic DHN thermal solver CHESS can estimate the LTG full load hours and injection
temperatures from a specific heat demand profile. The output and capacity of all production,
storage, and pipes, as well as thermal losses, aids in sizing the individual systems. Thus,
CHESS facilitates a robust estimate of the required operational parameters of a single year,
which is then used as an input for determining the techno-economic performance of the
system lifetime. As the CHESS tool is in the development phase, the process of designing
and modelling the network can facilitate user-orientated insights and recommendations to
advance the tools development into the future.



4.0 Research Question

A generalised Dutch case study (28°C) [49] and a P10 ThermoGIS indication shown in Fig.
14 (31°C) suggests a low probability of economic viability. The Netherlands is an interesting
research area for a contextual insight into seemingly negative yet generalised, LTG-HP
economic indications. WarmingUP [16] are investigating various modes of DHN production
in the town of Zwijndrecht. This is the research area due to confirmed geotechnical and
spatial feasibility. Experts within HVC, a company with extended knowledge on collective
production systems within DHNs, can provide reliable techno-economic data. Therefore,
combined with a contextualised aquifer characterisation for reliable geotechnical data, and a
dynamic DHN model CHESS for topological output and sizing, the techno-economic model
will be robust.

This paper quantifies the economic and environmental performance of an LTG-HP system
within a residential DHN in Zuid-Zwijndrecht. Performance is compared to individual natural
gas boilers as per the not more than otherwise principle economic constraint. Therefore, an
individual natural gas boiler becomes the reference scenario, noted as the business-as-usual
(BAU) scenario. This scenario is compared to the collective LTG-HP system, via the
levelized cost of heat (LCOH) and CO2-eq (equivalent) emissions. For assessing the
economic viability of the collective system, the net present value (NPV) is used. As heat
prices were noted as the most sensitive parameter to a particular geothermal NPV [91], the
economic performance considers current and projected heat prices, subsidy allocation
brackets and connection fees.

This leads to the following research question:

What is the estimated economic and emission performance of a
collective LTG-HP system within a Dutch residential district heating
network when considering geological and economic uncertainty?

This is expanded into the following sub-questions:

1. What are the technoeconomic inputs, performance indicators, constraints, assumptions
and factors required to develop an LTG-HP system within a residential DHN?

2. How can CHESS modelling facilitate estimates of annual operational output, capacity
and efficiency amongst DHN components?

3. What is the estimated LCOH and operational CO2-eq emission ranges over the 30-
year system lifetime for the BAU and collective system?

4. What is the NPV of the collective system when considering geotechnical (flowrate)
and revenue uncertainty?

5. What limitations and recommended required future research can be deduced from the
modelling?



5.0 Scope: The Netherlands (Zwijndrecht)

In 2019, total operational emissions for the built environment reached a historical peak [97],
accounting for 12.3% of total GHG emissions by sector, of which 70% were residential [98].
Following the Paris climate agreement, the Dutch government set targets for a 49%
greenhouse gas (GHG) emission reduction by 2030 and 95% by 2050, compared to the 1990
level [98]. The Netherlands relied on natural gas more than any other country in the EU in
2019 and ~95% of buildings were natural gas heated [12]. If new measures do not double
annual COz.¢q reduction rates, the 2030 Dutch target is predicted to fail based on 2019 policy
[98]. Centrally generated electricity emissions are projected to reduce 81.3% in 2030 relative
to 2019 levels [98][59]. Therefore, electrification infrastructure designed and implemented
today can reduce Dutch built environment heat emissions.

Groningen is Europe’s largest onshore natural gas field. Production has consistently dropped
since 2012 from environmental and seismic concerns, leading to The Netherlands becoming a
net gas importer in 2018 [99]. Production will end in 2022, eight years earlier than planned
[12], thus more gas imports can be expected without self-sufficient technological transition.
Positive geopolitical foreign relations between gas producing and consuming countries, as
well as pipeline countries in between is required. Germany provides most of the gas flows to
The Netherlands of which extraction and transit depends on Norway, Russia and Denmark
[100]. More secure and self-sufficient heat is required to reduce vulnerability of societal risk.

Groningen planned to become the first city to incorporate deep geothermal heat to a large
urban area [101]. However, plans were halted due to induced seismicity [102]. No residential
DHNs exist for the Dutch built environment which utilise LTG heat for upgrades via large
collective HPs. Only an LTG-HP exists (31->60°C) in Zevenbergen for greenhouses. The
Netherlands is a moderate climate with pragmatic potential from established technical,
financial, and political infrastructure and support (subsidies). Also, the Dutch indications
highlighted in Section 3 make provide a basis of comparison to the contextual study.

Investigations are ongoing for a collective LTG-HP within a DHN in the populated town of
Zwijndrecht Spatial-legislative feasibility is known, and expert-interpreted well log and
seismic surveys have confirmed the geological feasibility within the Brussels Sand Member.
Zwijndrecht is annotated on Fig. 15, which shows the aggregated LTG potential overlain with
a demand fraction map. Note that, the low synchronicity between thermal capacity and
demand in Zwijndrecht, is not only the Brussels Sand, but an aggregation of all LTG layers.
Fig. 16 shows the buildings in the system boundary were mostly constructed between 1950-
1960 [103]. Fig. 17 shows the buildings are mostly between energy labels C and G [104. The
space heating demand is derived from a DHN load recording in Alkmaar. When adding the
DHW demand, the annual heat demand per home is 37.6 GJ/year (see section 6.6).

In nearby Dordrecht, HVC have applied waste incineration heat in DHNs and are considering
an LTG-HP utilising an = 650m-bgl aquifer in the Brussels Sand in Zuid-Zwijndrecht. The
specific connection years and demand cluster magnitudes are withheld for privacy reasons
and 2000 residential connections are assumed. Final connections are expected in 2028, with
temporary natural gas boilers to be used until LTG-HP is operational. Geothermal drilling
typically takes 2 years [68] and an economic doublet lifetime of 30 years is practical [94].
Thus, year 0 of the system lifetime occurs in 2028-29 (transitionary phase) and the full
economic system lifetime when the LTG-HP is operational occurs from 2030-2060.
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Figure 15: Zwijndrecht research area annotated on a demand fraction map overlain with LTG potential (all
layers) in The Netherlands [49]
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Figure 16: Construction year of buildings within the Zwijndrecht research area [103]
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6.0 Technical Methodology

To answer the sub-questions, the following phases in Fig. 18 guide the research process. Note
that, national and regional feasibility indicators have been covered in section 5. The aquifer
characterisation provided by WarmingUP is first described for LTG constraints, assumptions,
and geotechnical data. The respective data is applied to the DoubletCalc1D tool, which
derives the maximum flowrate and associated maximum production pump power
requirement. The maximum flowrate then becomes an LTG constraint in the CHESS tool, for
the primary side of the GWHP source. CHESS attempts to bring the topology into steady
state (thermal balance) by solving for the user-defined heat demand profiles. The DHN
component performance then provides techno-economic outputs for post-processing to derive
annual operation and capacity parameters amongst production, distribution and storage. Note
that, the methodological process is not so chronologically distinct in practice. As shown later,
much overlap between the tools is required to refine the model for technical accuracy and to
embed assumptions for the other.
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Figure 18: Phases and sub-questions of the research process

6.1 The Brussels Sand (Characterisation)

WarmingUP have characterised the reservoir properties of the Brussels Sand, namely
porosity, permeability and geomechanical properties. A model covering 44x33km provides
reliable reservoir properties estimations from 37 well logs, with a localised interpolation
closer to Zwijndrecht from six wells [16]. The defining feature of a good quality aquifer for
geothermal application is a thick layer of low hydraulic conductivity, adjacent to the aquifer.
These are known as aquitards and reduce thermal dissipation which provide longevity to the
thermal resource [105][106]. Also, thicker layers create higher aquifer pressures, which lead
to more natural artesian flow [107] thus, reducing production pump power requirements.

Well logs provide mineral data which defines the type of equipment needed to detect the
specific signal. Gamma ray logs detect radioactive clay minerals [108]. Glauconite (mica)
was used by WarmingUP as a marker to defines the aquitard-aquifer transitionary boundaries
in the Brussels Sand [16]. Fig. 19 and Fig. 20 show this in Zuid-Zwijndrecht and Appendix A



shows a 3D image of the porosity and permeability measurements within the Brussels Sand.
No faults were detected and the aquifer temperature of 31°C is estimated by WarmingUP.
The aquitard-aquifer transition from low permeable shaly-sand to clean sands is well defined,
as well as the vertical and lateral extent of the reservoir. This facilitates an accurate estimate
of drill length and transmissivity data for flowrate. The characterisation concludes a top depth
of 550m, gross thickness of 200m and a net reservoir of 80m, mainly in the upper 100m (unit
S3). Then transitionary shaly-sand (S2) occurs up to the transition towards the shale at 744m.
The reservoir model concluded that 90% of the flow can be achieved at 700m and 95% at
733m. Thus, drilling deeper into layer S1 (740m) provides constant thermal benefit, but cost-
ineffective flow rate benefits as permeability and porosity reduces. WarmingUP interpreted
sonic logs to detect intermittent low permeable streaks (LPS) of carbonates. Although thin,
the lateral extent is relatively large, thus the vertical permeability uncertainty is high. The
transmissivity, estimated in Dm (Darcy metres), is a function of aquifer thickness, area,
pressure, viscosity and permeability [109]. WarmingUP estimate 35-40 Dm in the region of
Zwijndrecht. A low estimate of 30 Dm provides conservative leeway to account for LPS.
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Figure 19: The reservoir properties of the Brussels Sand near Zuid-Zwijndrecht showing: Effective porosity
(PHIE), permeability (PhieCore) and lithological compositions
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6.2. Subsurface Constraints and Assumptions
Mass balance

All produced water is reinjected to ensure the mass balance. An equal mass flowrate therefore
neglects any treatment of slurry, particles and scale. However, the main cause for
accumulation of minerals on filters (scale) is from the degassing of CO- as production waters
rise and depressurise [110]. However, the geothermal (greenhouse) project manager states a
gas/water volumetric ratio of 0.06, which is low enough to warrant a closed system without a
degasser. This also induces less corrosion and precipitation in the injection well [111]. Thus,
a mass balance can be assumed amongst the doublet flow, as well as no degasser costs and
emissions. The mass flowrate should be used at the HP component, as the lower temperature
and higher density of reinjected water lowers the volumetric flowrate.

Thermal Balance

To avoid premature thermal breakthrough (interference), 1000m is assumed an acceptable
doublet spacing between the production and injection well [49]. A different study conducted
within the Brussels Sand indicated negligible regional groundwater flow [112]. An aquifer in
The Netherlands showed that regional groundwater flow of less than 50 m/year provided an
absolute energy balance ratio less than 4% [105]. Thus, low thermal interference (mixing) is
expected in the Brussels sand between warm and cold plumes. This justifies the assumption
that no changes to the production temperature is assumed throughout the 30-year duration.
Also, during the early stages of production, heat loss is expected in the production well, as
the colder ambient rock gradually warms up over time. This response time is not accounted.

Pressure constraint

Pressure constraints ensure no fractures occur and are case-dependent following specific
SoDM (State Supervision of Mines) guidelines. Injection wells transport dense fluids, thus,
have a higher maximum force than the production well [70]. Recently, fractures in injection
well in Twente ceased operation due to safety concerns [113]. Thus, designing doublet
operations within pressure constraints is essential for economic and environmental security.
The principle vertical and horizontal stress depends on the formation and depth [114]. No
analysis has been conducted at this preliminary stage; thus, generalisations are required.

The DoubletCalc1D (DC1D) pressure balance requires a user-defined constant pump pressure
difference (Ap) between the two wells. The maximum Ap between the production and
injection well constrains the maximum flowrate for safety [7]. A recommended Ap of 24 bar
is used as injection pressures should avoid 15-16 bar [115]. An initial DC1D simulation
shows around 10 bar at the producer and 13.5 bar at the injector. Thus, the injector pressure
satisfies the recommended constraint. See section 6.5.3 for more about DC1D assumptions.

The hydraulic pump power is almost exclusively from the production well. DC1D does not
model a separate injection pump, only the Ap of the loop. Although an injection pump may
increase efficiency, it is not a requirement [67]. Thus, the pump power is assumed from a
single ESP (electrical submersible pump) production pump, the required pump for the depths
of the Brussels Sand. Lifetimes are long and service facilities are available worldwide. Up to
250m3/hr can be supplied within a 9.625" casing, which is the recommended minimum
dimension for a geothermal well [116][117].



Injection temperature constraint

The maximum force occurs in the injection well during the maximum LTG-HP output,
namely, during the lowest injection temperature and maximum flowrate. One reason for using
DC1D is that geotechnical data can be translated to a maximum flowrate based on a specified
pressure and injection temperature constraint. However, this provides insights only for the
maximum output condition, which for a residential heat demand, does not occur often if
auxiliary systems are used. Thus, the temporal extent is required to deduce the likelihood of
fracturing. As the heat demand determines the injection constraint, the interchangeable use of
DoubletCalc and CHESS is first required to understand the time duration to which the
maximum force occurs.

A relatively low minimum injection temperature constraint of 5°C was first used in the
CHESS simulation. As shown in appendix B1, the injection bar pressure is just below the
recommended pressure constraint of 15-16. As shown in Fig. 21, a DHN system with a tank
buffer and natural gas peak boiler, injection temperatures between 5°C and 6°C occur for
only 39 hours in a year. Although, 8°C is often used as a safe minimum to avoid pipe
fractures, the low frequency of such injection temperatures provides reasonable assumption
of safety. The dynamic viscosity of the brine cP, namely, the product of force and time over
area, only increases from ~1.4 cP to 1.5 cP when 8°C is reduced to 5°C. [115]. However, a
more detailed geotechnical (stress) model is required before applying such system constraints
after the initial design phase.
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Figure 21: The annual injection temperature frequency distribution for the DHN system in Zwijndrecht

Operational constraint

A planned downtime for the LTG-HP maintenance of 5% each year (438 hours) is a typical
assumption [118]. This may cover casing, tubes and filter inspection and cleaning to maintain
flowrates [119]. Due to the low gas ratio mentioned previously in this section, the extent of
mineral precipitation, namely, carbonates, can be assumed to be quite low. However, the low
injection temperature does increase this risk [70]. Thus, 5% is a conservative estimate for a
planned downtime during the lowest heat demand in summer. As later shown in the heat
demand profile methodology (Section 6.6), no space heating demand is recorded during the
21% May and the 17" July. Thus, the LTG-HP downtime is extended to 650 hours. During
this time, all demand is supplied by auxiliary technologies, namely, centralised natural gas
boiler and thermal buffers.



The operational mode used in CHESS maximises flowrate and so is the last variable to
reduce when demand lowers. Initial CHESS simulations of the network show that LTG
extraction can fall as low as 0.2-0.3 MW. This operation is cost-ineffective when the ESP is
operating at ~0.15MW rated power for the maximum flowrate, as extended use is likely to
reduce the ESP lifetime and increase the re-investment costs during operation. Cleaning the
doublet may require reversed doublet circulation [119], thus some ESP power may still be
required. Negative thermal consequences are not quantified; however, 3.5 kg/s is applied
post-process during the LTG-HP downtime. No thermal production supplies the DHN during
this downtime, however, a low flowrate is maintained for both reverse cleaning, and to avoid
cooling from a stagnant production well. The ESP power interpolation method highlighted
later in Section 6.81 provides a negative value for such a low flowrate. It is unknown if the
negative value is due to natural artesian flow, thus 10 kWh is used during these 650 hours.

6.3 Geothermal Output

The geothermal power equation is shown in Eq. 1 [67]. The only fixed parameters are a

C, of 3998 J/(kg-K) and p,, of 1021 kg/m?®. This represents values which are roughly 5%
lower and 2% higher respectively than pure water, as the geothermal brine contains salt. This
estimate is derived by solving for C,, and p,, from the DC1D output, for a salt content of
38g/kg (38000ppm), which is a representative estimate [120]. Although AT; fluctuates, only
the injection temperature deviates based on the demand profile. For a predetermined aquifer
depth, the production temperature begins at a fixed value. The average geothermal gradient
for exploration depths in The Netherlands is 31.3°C/km, which increases from an average
shallow subsurface temperature of 10.1°C [57].

Equation 1:
€prod,i = qiprpATi
€prod,i Geothermal energy production [W]
gi Geothermal water production flowrate [m3/s]
Pw Water density [kg/m3]
Cp Specific heat capacity of water [J/kg.K]
AT; Temperature difference between injector and producer at timestep i [K]

To increase LTG output, flowrate must be increased within the limits of the pressure
constraint. Transmissivity is a defining variable for flowrate, namely, the groundwater
flowrate under a hydraulic gradient through a unit width of aquifer thickness [121]. Thus,
measures that extend the well exposure to larger areas of permeability are investigated.
Increasing flowrate from mechanical or thermal stimulation is often quantified by a
dimensionless negative ‘skin factor’, namely a zone of increased transmissivity. The skin
factor characterises the well condition and degree of connectivity between the reservoir and
well [122]. A positive skin represents when a well is damaged, such as from a mineral
blockage.



Thus, treatments to increase flowrate are required through interventions which reduce skin.
This can be as minor as the acidification of carbonates, or as extreme as hydraulic fracturing
near the wellbore area [123][124]. High pressure surges which fracture the formation around
the filter can cost €400-600k per well [119]. It may be necessary to rejuvenate extremely
deteriorated flowrates to maintain the economic viability. However, this is not explored as a
drill phase option, but rather, unforeseen costs (Section 7) provide sufficient leeway for such
rejuvenation measures. Thus, a constant maximum flowrate over the system lifetime is
assumed. To quantify flowrate depletion and rejuvenation over the system lifetime requires a
formation-specific geotechnical analysis. However, the extent and vitality of a hydraulically
induced negative skin factor is currently unavailable for the Brussels Sand.

An additional booster pump can increase pressure in the injection well and thus the flowrate
[119]. It is not known whether LTG requires more force than gravity to overcome formation
resistance for reinjection. Also, as the minimum injection temperature occurs during the
maximum flowrate (CHESS), a further increase in the injection well pressure from a booster
pump could cause unwanted pipe fractures. The Ap (24 bar) constraint cannot be extended,
particularly as 5°C is assumed, which induces a maximum force very close to this pressure
constraint. Also, DC1D cannot model a booster pump separately, thus, hydraulic fracturing
and booster pumps are not explored. Deviated or directional drilling is the preferred mode.

6.4. Geothermal Directional Drilling

A method to quantify an increase in flowrate without precise geotechnical assessment is
directional drilling. Deviated wellbores relative to the vertical can increase flowrate due to a
heightened connectivity between the filter and the reservoir. Namely, more water can enter
the well per second and per bar of drawdown. DoubletCalc can quantify the flowrate addition
from deviations and is hereafter discussed. Fig. 22 shows the productivity (negative skin)
improvements as the well orientation deviates from the vertical. Deviations less than 45°
have an insignificant productivity increase, whilst past 45°, large increases occur [67].
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Figure 22: Skin due to penetration angle as a function of angle



A user-defined deviation in DoubletCalc will modify the vertical well simulation by
quantifying the negative skin Sy, as shown in Eq. 2. The model accuracy is corroborated by
the validation methodology which considers four analytic methods [125]. The calculation of
the negative skin factor applies for user-defined deviation angles up to 85°. Note that, r;,
differs with depth and h and 6 is measured perpendicular to the aquifer strata.

Equation 2:

(sinB)587 - ">

0.964
ani

fOT' Iani =1

Se | Skin as a result of obliquely drilling the reservoir (dimensionless)

6 | Well deviation from the vertical (°)

h | Aquifer (sub)layer thickness (m)

1y | Wellbore outer diameter (m)

ha | Dimensionless aquifer (sub)layer thickness = ri

w

k, | Horizontal permeability (m?)

k, | Vertical permeability (m?)

. .
ant | Anisotropy index \/?

v

Deviated drilling is beneficial for drill locations in urban environments which are spatially
constrained. This can technically, such as a required voltage connection, or legislatively, such
as a drill permit granted in a specific area. Hence why the industrial area of Zuid Zwijndrecht
is the most feasible location. If large beds of low permeability are directly underneath the
fixed location, a vertical trajectory cannot avoid unfavorable subsurface conditions. Thus,
directional drilling offers flexibility through a radial dimension. This facilitates the avoidance
of potential geological barriers and the realisation of penetrated zones of high permeability.

Relative to vertical drilling, horizontal directional drilling particularly benefits thin bedded
aquifers, as the filter is exposed to larger regions of permeability [126]. A near horizontal
well in Zevenbergen (85°), was drilled in the Brussels Sand 25km away from Zwijndrecht.
However, the designed flowrates (285m®/hour) could not be achieved, as sand clogged the
filter and low vertical permeability impeded the flow. Replicating the intended horizontal
design is seemingly harder than vertical drilling, thus a balance is required between additional
flowrate and increased technical risk [127].



As the upper 100m of the Brussels Sand contains most of the net reservoir, the exploration
thickness is not thin, compared to thicknesses of other geothermal aquifers (Vlieland and
Delft Sandstone [128]). Thus, horizontal drilling is not a constraint, but a preferred measure
to increase flowrate. Low permeable calcite streaks in transitionary layers are also present in
Zwijndrecht, which result in intermittent lateral areas of high and low vertical permeability.
Thus, as deviations increase towards horizontal, vertical permeability becomes a greater
influence to the overall contribution of transmissivity. Thus, flowrate sensitivity increases as
more risk is attributed to the prospect of the intended design not being replicated.

Although horizontal drilling can provide a significant increase in flowrate, this comes with a
higher risk of low flowrates from sand blockage or if the intended vertical permeability is not
achieved. Therefore, to reduce technical risk, a 75° deviation is preferred. From equation 2,
this provides a -1.81 skin factor, which increases flowrate ~20% relative to a vertical well
(see Appendix B2). The deviation can be applied gradually as the pipe segments descend to
733m-744m TVD (true vertical depth). This is shown in Fig. X, along with the boundaries
between the LTG, HP and DHN. The dogleg is the additional deviation per distance. It is
assumed to begin at 50m, at which depth, 3° is added every 30m before reaching the 75° at
the aquifer top. The production pump should be placed 200m-bgl [115]
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Figure 23: Schematic of the deviated drilling in Zwijndrecht and connection to the DHN system via an heat exchanger (HEX)



6.5 Geothermal Flowrate (DoubletCalc1D)

DC1D provides an indication of geothermal doublet power when specifying key technical
parameters of reservoirs, casing schemes and pump properties. However, only the flowrate is
relevant for an LTG-HP system, as the injection temperature is defined by the demand (via
the HP). In section 6.1 and 6.2 the following was described: The aquifer transmissivity, the
top and bottom aquifer depth at the producer and injector, the net aquifer, the deviation angle,
the salinity, the pressure and temperature constraints, ESP depth, and the distance between
the wells. The ESP pump-only efficiency is typically 70% [117]. The minimum injection
temperature constraint has been defined, but not the profile over a year. Furthermore, the pipe
dimensions are still to be defined. These are highlighted in this chapter. An overview of all
DC1D technical parameters is highlighted in Fig. 26.

6.5.1 Injection Temperature

Although the geothermal power output is not directly used in CHESS, the injection
temperature still influences the flowrate and ESP power in DC1D. As a single user-defined
injection temperature input must be provided, the minimum injection temperature which
occurs for 39 hours a year is not recommended. Density is a function of pressure, temperature
and salinity. Viscosity and heat capacity are a function of temperature and salinity [67].
Although density increases with pressure (Boyle’s Law) and decreases with temperature
(Charles’s Law) this mostly applies to ideal gases, as liquid water is barely compressible
[129]. However, cold, dense and thus pressurised injection waters, will cause an increase in
viscosity and thus ESP power requirements. This induces a considerably higher pressure drop
effect in the injection well compared to the production well [67], as seen in Appendix B.

As the combined AP at the producer and injector is limited to 24 bar, flowrates will reduce
when this limit is reached. The maximum flowrate reduces by 1/6™ if injection temperatures
decrease from 15°C to 5°C. Therefore, as low temperatures increase viscosity [67], using a
representative injection temperature to calculate flowrate is particularly important, especially
for residential applications which derive large fluctuations in demand. The average injection
temperature of 15°C shown in the frequency distribution (Fig. 21), is a representative basis to
form the maximum flowrate constraint in CHESS. Namely, the fluid dynamic conditions are
also an average.

6.5.2 Permeability

The transmissivity uncertainty range for the Brussels Sand in Zwijndrecht has already been
described in Section 6.1. This serves as the foundation for modelling the influence of flowrate
uncertainty which derives from the Dm geotechnical uncertainty (sub-question 4), namely,
P90 (30 Dm) and P50 (35 Dm). Note that, the P10 (40 Dm) estimate is omitted as P90
economic certainty is often required for commercial investment [49], whilst the subsidy
application requires P50 geotechnical certainty [130]. The transmissivity has already been
defined, however, the permeability which comprises transmissivity is an input in DC1D, and
must be tailored to replicate the results from the WarmingUP characterisation model. Small
regions of high and low vertical permeability (LPS) detected in 3D cannot be represented in
DC1D. As deviated wells derive most of the flow from vertical permeability, the anisotropic
permeability ratio (kh/kv) is adjusted from 30 to 10 to recreate the 3D model [115].



6.5.3 Doublet Dimensions

Before simulating in DC1D, the pipe dimension is first rationalised. Increasing pipe diameter
will increase flowrate up to a limit governed by the aquifer and well pressures. An increase in
pipe diameter will eventually provide infinitesimal increases in flowrate. This limit is
deduced by analysing flowrates from 5 outer diameters in DC1D, as seen in the standardised
drilling dimensions in Fig. 24 [131]. First, modification is required. The inner drill casing is
the outer diameter of the doublet; thus, pipe thickness is required for the inner diameter in
DC1D. This is 0.5"” below 14" and 0.75" above [132]. Furthermore, a threaded connector is
needed, namely some additional clearance space is required. This is 0.375" for drills between
4 to 8.5", and 0.5” when above 8.5” [133]. The cement thickness depends entirely on the
formation stresses and is typically 0.5-1" [133]. Cement is applied last as the required
difference after quantifying the other component dimensions. The specific pipe sections are
shown in Table 4.
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Figure 24: Standardised well dimensions [131] with a cross section of a doublet pipe [67]

Table 4: Estimated drill dimensions which result in the inner and outer pipe diameter for used in DC1D

Drill Dimensions (inches) 1 2 3 4 5
Hole and Drill 8.50 10.625 12.25 | 14.750 17.5
Clearance 0.375 0.5 0.5 0.500 0.5
Cement (flexible) 0.5 0.5 1.0 0.875 1.0
Drill Casing/Outer Pipe 7.625 9.625 10.75 | 13.375 16.0
Pipe thickness 0.5 0.5 0.5 0.5 0.75
Inner Pipe 7.125 9.125 10.25 | 12.875 15.25




As no specific cost documentation is available, the area per flowrate relationships is assumed
to be a reliable indication. Fig. 25 and Table 5 shows the simulated relative flowrates per area
amongst the well dimensions in Table 4. An additional smaller diameter was added to extend
the trend. As shown, areas larger areas than 10.625" have a steeper gradient increase, namely,
less flowrate is achieved for the additional square inch of area. Therefore, an outer diameter
of 10.625" is a reasonable balance between additional flowrate and excessive doublet costs.
The DCI1D inputs and outputs are shown in Fig. 26. Note that, the transmissivity range
detected by the 3D model has been recreated. The maximum mass flowrate for the P50 and
P90 scenario is 36.2 kg/s and 30.92 kg/s respectively when an injection temperature of 15°C
is used. The geothermal power should be neglected, as this is a CHESS output due to
injection temperature also being an output.

Table 5: Numerical results area (inch) per flowrate (kg/s) simulated in DC1D

Flowrate per Surface Area of Deviated Well (P50. injection 8C)

Outer Diameter (inch) 6.625 8.5 10.625 12.25 14.75 17.5
Surface Area (inch?) 34.47 56.74 88.66 117.86 170.87 240.53
Inch? per Kg/s 1.10 1.66 2.44 3.18 4.52 6.25
Surface Area per Flowrate of Deviated Well
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Figure 25: Graphed results from table 5 showing the surface area (inch) per flowrate (kg/s) simulated in DC1D,
justifying 10.625"” to be an area-efficient pipe dimension for DC1D
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Figure 26: Overview of geotechnical inputs and outputs in DC1D for the Zwijndrecht case

min median max
500.0 700.0 800.0
05 0.55 0.6
80.0 95.0 105.0
572.0 635.0 699.0
554.0 615.0 677.0
35000.0 38000.0 45000.0
value
1000.0
10.0
10.0
0.032
0.0

0.0

0.0
15.0
1000.0
0.7
200.0
240
10.63
0.0
-1.81
150.0,300.0,1320.0
150.0,300.0,744.0
9.13,9.13,9.13

-1.81
150.0,300.0,1300.0
150.0,300.0,733.0

6.6 Residential Heat Demand Profile

An annual hourly timeseries profile of the DNN load intended for 3300 representative home
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equivalents in Alkmaar is used. To transfer this to Zwijndrecht a 25% distribution loss is

assumed between the measured DHN load (start of the network) and the end-user. From 3300
homes, the profile of one representative home is derived from an annual demand of 29.7

GJlyear. However, the primary backbone load recording in Alkmaar requires adjustment as

local heat generation for DHW is absent. Thus, DHW is added to the profile by using a 79%

space heating and 21% DHW demand ratio, which is typical ratio for a 32.5 GJ/year Dutch
home [134]. The calculation of DHW is highlighted in Eq. 3, which is then added onto the
space heating (SH) load recording to derive the total annual demand shown in table 6. The
final heat demand profile for 2000 homes is shown in Appendix C.
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Equation 3:
1
DHW; = SH; - (m) -1

Table 6: Annual space heating and DHW demand per connection and for 2000 homes in Zwijndrecht

SPACE HEATING + DHW UNIT
37,7 | Gllyear
10,5 MWh/year

75452 | Gllyear

20959 | MWh/year

Per connection

Total (2000 homes)

Two demand clusters of 800 (A) and 1200 (B) are used. When a single demand profile is
aggregated, a simultaneity factor is often applied. This is due to peak demands not occurring
simultaneously, meaning topological capacities of the pipes and HPs can be reduced [63]. No
simultaneity factor is applied however, as the load recording represents many dynamic
profiles within a DHN. It is important to note that the load was interpreted from a 65% higher
demand (implying more residential end-users). This may suggest the relative regularity of
simultaneously occurring peak demands is less in Alkmaar compared to Zwijndrecht.
Namely, averaging the larger recorded load in Alkmaar may imply undersized peaks in
Zwijndrecht. However, Fig. 27 shows the simultaneity factor relationship for space heating
and DHW is similar after 200 homes [63]. Thus, the conversion from an Alkmaar demand of
3200 homes is a reliable representative of the associated peak demand for the 2000 homes.
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Figure 27: Annotated simultaneity factor relationships for space heating and domestic hot water preparation
based on increased consumer distribution/dispersion [63]



6.7 CHESS

Conventional DHN design methodology typically leads to oversized network capacities and
thus unrepresentative technoeconomic estimations. Typically, the forecast, plan, design and
operation phases are executed sequentially, namely, from big picture to more specific
operational details. This often results in sub-optimal design; particularly as oversized
capacities aggregate onto other technologies [81]. As mentioned in section 6.0, CHESS is
used to facilitate the mass and energy balance and preliminary sizing of the system for a
specific time-defined simulation. Flowrate, temperature, and capacity constraints can be user-
defined to coordinate operation under component activation priorities which can be tailored
to stakeholder preferences. This derives operational and capacity data for the given
simulation. This then guides estimates for investment and environmental performance.

Energy System Description Language (ESDL) serves as the initial base software for the
system design via a map-based graphical user interface (GUI). This is where production,
consumption, storage, transport and conversion capabilities can be techno-economically
defined amongst various geo-orientated assets [135]. Tracing the network in ESDL facilitates
a more realistic routing of the pipes than CHESS. Fig. 28 shows the ESDL trace which is
then transferred to CHESS. Note that, the 2000 individual heat demand nodes from the
primary distribution grid to a secondary distribution network is not possible at these
resolutions. Thus, the secondary network thermal losses are accounted for in section 6.83.
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Figure 27: The ESDL map editor design of the system boundary. The geothermal production entering the 4-port
HP is at the bottom (green-purple), the natural gas boiler is the green (P), the tank thermal energy storage
(TTES) is the water buffer in red (WB) and the demand clusters are in blue



6.7.1 Constraints

Temperature

The intended (HVC) temperature regime for the primary backbone in Zwijndrecht is
85/45°C. However, during summer, only DHW is required, thus supply can reduce to 60°C
[118]. This is the minimum temperature to prevent legionella bacteria [77]. However, CHESS
can only model one temperature regime per simulation for each pipe. Thus, an 80/40 regime
IS more representative for the entire year. As mentioned in Section 3, 80/40 is characteristic
of North-western European DHNSs. If the desired supply and return temperatures are not met,
the extent of imbalance is indicated by the variance in achieved temperatures in CHESS.

The ambient temperature profiles are required to model thermal losses. As DHN pipes are
usually 80cm underground, soil temperature profiles must be used [81]. Table 7 shows the
monthly soil temperature values provided by CHESS. For each timestep CHESS interpolates
new values which approach the next monthly average. This method would be unsuitable for
air temperature profiles, which require a larger time resolution to account for fluctuations.
Fig. 28 shows soil temperature recordings 1m-bgl in The Netherlands [136], indicating very
similar monthly recordings to the CHESS default values. As little monthly variance is seen,
the interpolation method in CHESS between the average soil temperatures is deemed reliable.

Table 7: Monthly soil temperature ; ag'}‘):;h:m
(CHESS default values) —===-Sand,-1m
= Clay,~1m
Date °C 0 '
1-jan-19| 5.3
1-feb-19| 4.3
1-Mar-19| 4.4 ©
1apr-19| 65 1
1-May19| 10 -
1jun-19| 135 §
1-jul-19| 15.9 =
l-aug-19| 17.1 .
1-sep-19| 16.2 ST i) (B 2
JT T Y
1-nov-19| 10.3 2005 2006 2007
1-dec-19| 7.3 Figure 28: Soil temperature profiles 1m-bgl in The Netherlands [136]

LTG Flowrate

Operational mode 40 in CHESS operates the solver such that demand requested from the HP
regulates flow as equal at both sides of the HP, i.e. the primary (geothermal) and secondary
(DHN backbone). A preliminary simulation shows the secondary DHN flowrate is often
lower than the maximum LTG flowrate. Thus, mode 40 results in low LTG flowrates and
thus low COPs. Therefore, operational mode 50 is used, which calculates flowrate under an
internal geothermal pump constraint for a given AT and geothermal power. This results in the
maximum flowrate being achieved over 90% of the time, thus higher COPs are derived. The
activation priority is user-defined to be the highest (1), as LTG-HP is the baseload supply.



DHN Capacity

No internal pipe DHN flowrate constraint is used in CHESS. This is possible through valves;
however, pipe sizes are left flexible, and the appropriate size is tailored post-process to the
simulated maximum velocity. This is noted as DN, followed by the nominal inner diameter of
the pipe in millimetres. The primary distribution (backbone) has the largest DN and links the
LTG source to the secondary distribution network. The primary distribution network has a
total length of 1170m and the secondary network a total length of 5200m. If the DHN is well
maintained, a lifetime of 50 years is possible [137]. Eq. 4 indicates how the minimum pipe
diameter can be derived from the maximum volumetric flowrate (Q,,) and velocity (vy,qx)
[138] which are CHESS solutions. Note that, an initial DN input is required for pressure and
thermal losses calculations which reduce as DN increases due to less surface area exposure.

Qw 2
Equation 4. dmin = c =
Vmax T

Table 8 is an example (P90) of the DHN pipe sizing. The appropriate DN is implemented
post-process for the primary distribution network. The derived maximum flowrate and
velocities of the distribution pipes for a one-year simulation in CHESS are shown. In this
example, the pipes are almost always slightly oversized. Thus, the pipe size must be
increased and constrained to the next standardised dimension, shown in green. The
standardised pipe sizes and thermal conductivities of the pipe segments are shown in
appendix D.1 [139]. It is common practice to oversize pipe diameters for the purposes of
future expansions [61]. However, this generates unrepresentative economics for an initial
assessment. This is expanded further in section 7.

Table 8: S= Supply, R=Return and A and B are the demand clusters. Two backbones are required due to
auxiliary production (gas boiler) and storage (tank) as shown in Fig. 27

P90 / DHN Primary-Backbone / Buffer-2000m? / Boiler-Priority-3

CHESS PIPE NAME AND DESCRIPTION m3/hr vmax DN (CHESS) DN
SupplyBackbone Backbone_S 122.9 1,01 0,208 250
ReturnBackbone Backbone_R 122.9 0,99 0,209 250
SupplyBackbone2 Backbone2_ S 182,37 1,50 0,207 250
ReturnBackbone?2 Backbone2 R 182,37 1,47 0,209 250

Pipe_8bb4 DemandA_S 111,06 3,52 0,106 100
Pipe_f598 DemandA_R 111,06 3,45 0,107 100
Pipe_bba5 Boiler_R 75,97 0,61 0,209 200
Pipe_6a9%e Boiler_S 75,97 0,63 0,207 200
Pipe_ald1l DemandB_S 72,61 1,03 0,158 150
Pipe_8a46 DemandB_R 72,61 1,01 0,160 150




6.7.2 GWHP

An all-electric GWHP is considered due to the predicted increase of renewable electricity
generation in The Netherlands [98]. The preferred refrigerant is ammonia, due to a high COP
of 6 for an evaporation and condensation temperature of 30 °C and 70 °C respectively. The
same conditions provide a COP of 4.5 for refrigerant R134A [52]. Also, ammonia HPs use a
reciprocating compressor, whereas R134a uses a screw compressor. The flowrate through a
screw is generally much higher than a reciprocating compressor. So, whilst R134A can better
meet the higher flow rate demands, a decrease in system efficiency occurs [140].

A vapor compression HP uses a reversed Rankine cycle [141]. However, the HP used in this
study has different temperature glides of the external flows traversing the heat exchangers.
Thus, the Carnot cycle does not represent the most efficient cycle. A Lorenz cycle with
adapted temperature glides in both heat exchangers, minimises the temperature difference and
thus entropy creation during the heat transfer [141]. Thus, the Lorenz cycle is used in
CHESS. Note that, the HP is simplified to one unit, whilst multiple HPs are apparent in a
cascading chain. Fig. 28 shows a comparison between the Lorenz and Carnot cycle [141]. Eq.
5 highlights the underlying COP function in CHESS. Eq. 6-11 shows the functions associated
with a Lorenz cycle with multiple temperatures [142]. Table 9 highlight the specific thermal
balance parameters for an ideal Lorenz LTG-HP in Zwijndrecht.
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Figure 28: Comparison of Carnot and Lorenz cycles, respective to their adapted application cases. T =
temperature and s = entropy [141]

Desired output (heat ) )
Equation 5: COPyp = %P (heat) _ Qn & +1
Total input (work) Qelec Qelec
. . _ TimH
Equation 6: COP,y = —————

Tlm,H _Tlm,L

Equation 7 Q, = Cp, (T, — Ty p)



Equation 8: QH = Cpy iy (Ty o — Ty,;)
Equation 9: Qetec = QH - QL

Equation 10: Tymy = m(TLT’LO';:lTnL'(iTL'i)
Equation 11: Tynny = Thio”THi

In(Ty,o )—In (Ty,;)

Table 9: The thermal balance parameters for an ideal Lorenz LTG-HP in CHESS

QL. LTG power CHESS solution (W)

Qy LTG-HP output CHESS solution (W)

Qelec Total HP electricity CHESS solution (W)

Cp. Specific heat capacity of LTG 3998 J/kg.k

Cpy Specific heat capacity of DHN 4181 J/kg.k

m; LTG mass flowrate CHESS solution (kg/s)
my DHN (backbone) mass flowrate CHESS solution (kg/s)
Ty LTG production 31°C

Tio LTG Injection CHESS solution (> 5°C)

Tho DHN supply CHESS solution 80°C for perfect balance

Ty, DHN return CHESS solution 40°C for perfect balance

As the 4-port HP utilises secondary return flows (Ty ; ) and LTG supply flows (T, ; ), the
Lorenz efficiency is used. The Lorenz COP is denoted in Eq. 6, which represents the
operation of an ideal HP utilising two varying temperature streams (glides), with constant
heat capacities [142]. As mentioned in section 6.3, the specific heat capacities are not
constant throughout and thus, 5% less power must be assumed to Q,. CHESS must solve for
equation Q;, Qy and COP,,, and once the balance is satisifed, the HP electricity is then
derived based on Eq. 9. Thus, Q.. is a thermal balance solution.

The supply (Ty ,) of 80C and return (Ty ; ) of 40C are desired objectives which are only met
during a perfect thermal balance. The injection temperature (T}, ,) is determined by the value
required to satisfy the thermal balance at a given timestep under the minimum temperature
constraint of 5°C. Thus, T, , fluctuates with heat demand whilst T; ; of 31°C is constant. As
demand fluctuates throughout the year, minor imbalance from inertia occurs as the system
calibrates. Thus, perfect thermal balances to the decimal are rarely met, whilst the largest
imbalance is during large demand spikes, which have insufficient time allotted to achieve
steady state. Especially if large pipe lengths separate demand from producers and buffers.




The maximum power constraint input for Q, in CHESS for P50 and P90 scenarios is simply
that which is derived from a T}, , of 5C and the maximum m,, which is derived from DC1D.
This maximum condition is rarely reproduced in CHESS. The DC1D thermal balance only
considers the primary (LTG) side, whilst the thermal balance in CHESS considers the
primary and the secondary (DHN) side. Hence why two heat exchanger solutions must be
solved within the thermal balance. Note that, for the purposes of CHESS modelling, the
ammonia refrigerant acts as both heat exchangers. However, to prevent corrosion and fouling,
an intermediate plate heat exchanger is often used [143]. This was also depicted in Fig. 23, as
the bridge between the LTG and HP systems.

The thermal balance equations represent the condition of the ideal Lorenz cycle. Thus, a HP
system efficiency must be defined, which is evidently a sensitive parameter considering the
30-year lifetime. The system efficiency depends on the refrigerant selected, if economisers
(cascading) and internal control is used, and the size and design of the condenser compressor
and evaporator [144]. This is often a compromise between efficiency benefits for the cost.
Irreversibility reduction such as that from mechanical (compression), or thermal (refrigerant
and the primary and secondary fluid) should warrant the investment. However, an exergo-
economic analysis requires second law entropy rate [145][146], which is not available.

The heat pump system efficiency typically ranges between 50% and 70% for industrial heat
pumps [52]. CHESS has a single system efficiency input, thus this must represent the system
throughout the whole year. However, significant fluctuations are expected, as high thermo-
mechanical losses are expected when the HP approaches max capacity.

To guide the determination of the system efficiency, some representative annual exegetic
analyses are considered. An industrial pump upgrading 70°C waste heat to 120°C 10 MW (16
ton/hr) had a 50% efficiency [147]. An average Lorenz efficiency of 50% was observed for
multiple Danish large HPs in DHNSs. Project researchers set smaller heat HPs as 40% to
reflect the poorer performance at small scale [148]. The average Lorenz efficiency for a
5MW shallow GWHP which upgraded to a minimum and maximum of 70°C and 85°C
respectively (45°C return), had a Lorenz efficiency of 0.54 [148]. This GWHP is the closest
documented representation to the system studied in Zwijndrecht. As the GWHP capacity and
return temperature is slightly lower in Zwijndrecht, a conservative efficiency of 0.50 is used.
Finally, large HPs for DHNs often have lifetimes of 15 years [149].

6.7.3 Natural Gas Boiler

A boiler must be considered due to unplanned and planned LTG-HP downtime. To eliminate
the risk of unserved demand, sufficient boiler capacity is allocated to planned downtime and
the day of the highest hourly peak demand. LTG investment price per installed MW is noted
as 20x higher than a centralised gas boiler [150], whilst wholesale natural gas fuel is roughly
half of the Dutch wholesale electricity price in 2030 [58][151]. Thus, having only the LTG-
HP capacity would be cost-ineffective. Fig. 29 shows the frequency distribution (demand
duration curve) for the two heat demand clusters. Above the annotated boundary, a natural
gas boiler and/or a large enough storage is required. Industrial natural gas boilers with 98%
load factors have a lifetime of 20-40 years. As the load factor is substantially less when used
for a peak demand, 30 years is reasonable. As 48% of industrial boilers in the EU have an
efficiency of 90% and higher, and another 39% has efficiencies between 85% and 90% [152],
90% is assumed. The lowest activation priority (3) is assigned to the natural gas boiler in
CHESS.
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Figure 29: Annotated demand duration curve from a P50 CHESS simulation amongst demand cluster A (right)
and B (left) showing the baseload-peak demand boundary

6.7.4 Tank Thermal Energy Storage

Depending on the generation type, the baseload usually covers between 50% and 90% of the
total annual heat demand. Storage can reduce peak heat load and thus increases the baseload
share [153]. Therefore, thermal storage facilitates higher LTG-HP output as activation can
occur during low demand, to be used for high demands which surpass the LTG-HP capacity
which is otherwise served by a boiler. A tank thermal energy storage is considered (TTES).
Larger tanks have a higher efficiency from a higher volume/surface ratio. A state-of-the-art
example is an Ecovat, which is an underground TTES made of concrete. High efficiencies of
85-95% at 90°C are noted. However, the smallest market option is 20,000m? (about 30
metres high and wide). This is unlikely to be placed above-ground in the Netherlands [154]
and such a large underground storage is unlikely in Zwijndrecht [118].

An above ground TTES is to be used as a day-weekly buffer, with 2000m? recommended as
the minimum for high thermal efficiency [155], and below 2000m? specific investment costs
are high [156]. If unplanned LTG-HP downtime occurs during the peak demand day (156
MWh) January 18", a SMW boiler combined with a 2000m3 TTES can serve the worst-case
scenario. For planned summer downtime, more than enough boiler capacity and space is
available to serve demand. Note that, this situation is a test scenario. An activation priority of
2 is used in CHESS and only the LTG-HP is allowed to charge the TTES.

The TTES is assigned the middle activation priority (2). CHESS does not currently account
for thermal storage losses and is post-processed into the results (section 6.8.3). The thermal
losses are transferred to the 3" priority natural gas boiler as additional TTES volume will
result in value not synchronised to factory standard volume dimensions. An oversized TTES
has higher losses and is cost-ineffective. Storage efficiencies are a function of ambient and
stored temperature differences, insulation, the amount of full storage cycles, and volume
[156]. Thus, generalising TTES thermal losses is difficult from contextualised literature.

TTES efficiency ranges between 50-90% [157][158]. The 80°C TTES in Zwijndrecht is
unlikely to reach the high efficiency of the 90°C Ecovat, as volumes are smaller and ambient
(air) temperatures are lower on average. Fig. 30 shows thermal losses as function of storage
volume, and of temperature [159]. Both sources indicate characteristic TTES efficiencies
between 50-75% for 1000m?® and 5000m?. Note that, thermal losses in these case studies are
governed by many variables. For a 2000m3 TTES, with a lot of cycles due to the day-weekly
regime, a conservative efficiency of 60% is used and lifetime of 30 years is reasonable [154].
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Figure 30: Thermal losses as a function of temperature and volume amongst various sensible thermal storages

6.8 Post-Processing

As CHESS is still in development, this chapter outlines the required adjustments to improve
the technical model accuracy. These adjustments are made post-process, in the exported excel
results. Additions and modification to the model concern ESP power requirements,
geothermal power and thermal losses of the secondary distribution grid and the TTES.

6.8.1 ESP Power

The ESP from DC1D only applies to the maximum flowrate. Thus, ESP power requirements
are required below the maximum flowrate by interpolating pressure and flowrate
relationships. Eq.12 defines the ESP power requirements from doublet pump pressure
difference (AP), LTG flowrate (q;) and ESP efficiency (70%). Fig. 31 is an exported
fingerprint plot and shows the relationship between AP and ESP pump power for the median
P50 LTG case. To derive ESP power requirements below the maximum flowrate, Fig. 32,
provides the quadratic function to interpolate ESP power as a function of q;. The exponential
work relates to resistance at higher pressures (see Fig. 10). As the quadratic interpolation
function used to derive epymp; from g; uses a minimum limit of 10 bar (AP), a
negative ep,mp is noted below 42 mé/hr. This occurrence is rare as the maximum flowrate
occurs 90% of the time. For negative values that occur during the 650 hours of downtime, the
ESP power is 10 kWh (see section 6.2).

_ QiAP;
epump,i -

Equation 12:

npump

€pump,i Required ESP electricity at timestep i [W]

AP, Pressure difference between injector and producer at timestep i [Pa]

Npump Pump efficiency [-] 0.7




Equation 13: €pump;i = 352.38 + 1/30575003 — 160000 - g

Eq. 13 represents the ESP power interpolation formula derived from the DC1D fingerprint
plot. Typical ESP system efficiencies () are pump (70%), motor (90%), cable (97%)
transformer (99%) and converter (94%). This results in an overall efficiency of 55% [117].
Only the pump is calculated within DC1D, thus Eqg. 14 accounts for the additional losses.

Equation 14: €otali = 1.243 * €pump,i
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Figure 31: Exported data from a P50 DC1D fingerprint plot showing the required ESP power for a specific AP
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Baker Hughes estimates a lifetime of around 5 years for a new ESP and this depends on the
geological conditions, with corrosion being a typical large cause of failure [117]. There is
generally a positive correlation between temperature and CO> and the corrosion rate for the
range of temperatures applicable to Dutch doublets [160]. Therefore, LTG applications can
be expected to have a longer lifetime than the average (deeper) doublet the 5-year estimate is
based on. Furthermore, the average ESP lifetime is expected to increase into the future [117].
Thus, a lifetime of 6 years is assumed, with two purchases in year 0 as a back-up is required.

6.8.2 Geothermal Power

The CHESS fluid properties are universal to the LTG flowrate (one fluid property is defined
in the .xml file). CHESS converts m®/hr to kg/s with 1000 kg/m3. However, geothermal fluids
contain salts and only a volumetric LTG maximum flowrate can be set in CHESS. Thus, the
volumetric flowrate requires an additional 2% to account for the geothermal brine having a
density of 1021 kg/m®. DC1D provides very detailed considerations to temperature, salinity,
and pressure [67]. When solving for Cp,, from Q,, 3998 J/kg.k is derived. CHESS does not
distinguish between geothermal (Cp;) and DHN (Cpy) heat capacities. To resolve this
overestimation, 5% less Q, is translated via the COP at each timestep and the output
difference is compensated by increasing the capacity and output of the gas boiler.

6.8.3 Thermal Losses

In CHESS, individual building demands are aggregated in clusters, as connecting 2000
secondary network branches to the primary backbone is impractical. Thus, secondary
network losses must be accounted for. Primary network losses are recorded as around 5% of
the total production. CHESS solves this from the ambient air temperature profile (Fig. 28)
and the pipe length, diameter, and thermal conductivity. Despite the low primary distribution
losses, the secondary distribution network losses are high due to the increased surface area
exposure. Total network losses for high temperature networks account for 10-30% [161].

A business case for a DHN in Amersfoort and Brassem both used a total thermal distribution
loss of 15% for a 70/40 temperature regime [162]. Thus, an 80/40 temperature regime is
likely to have total losses of 20%. The annual average primary backbone thermal losses are
~5%, thus an additional 15% of total production is post-processed into the exported CHESS
results. As the max LTG-HP capacity is often reached, 15% of demand is added to the natural
gas boiler. This results in additional fuel annually and a higher capacity cost for the boiler.

CHESS simulates the TTES as an ideal buffer without thermal loss. Storage efficiency is
often expressed by degree of utilisation for the proportion of stored and withdrawn energy.
Thus, internal and external energy losses must be accounted [157]. External losses are
accounted by the primary DHN pipes, thus internal losses are required. The TTES is used as a
day-weekly buffer, however, the rule-based control in CHESS maintains maximum capacity
during the summer, thus simulating a seasonal storage. A model predictive controller would
ensure a fully discharged buffer during summer, to reduce large thermal losses. Thus, thermal
losses per hour are best quantified from discharged energy not stored. Eq.15 is used to
calculate thermal losses from energy discharged (Miotq: 1S 60%). This energy deficit is
transferred to additional natural gas boiler capacity and annual output.

Discharge (MWh)

Equation 15: Thermal Loss (MWh) = — Discharge (MW h)

Ntotal



As the annual simulation is applied to a 30-year economic lifetime, the volumetric difference
between the first and last hour is negated. This is expressed in the adapted Eq. 16 [163]. Note
that, the TTES volume begins at half capacity to facilitate steady state as the simulation starts
at high winter demand. The energy which is embedded within the initial starting capacity
from year is also negated by 1/30™" of 1000m?, as per the economic lifetime.

Equation 16:
0.5V,
(AV + %) PGy (Trmax — Tmin)
Qrres = 3.6 10°

QrrES Thermal correction for TTES (MWh/year)

AV Tank volume difference from start and end of year (m®)

t 30 (years)

p 998 (kg/m?3)

Cp 4181.3 (J/kg K)
Tmax 80 (°C)
Tmin 40(°C)

6.9 Business as usual (HR-Boiler)

The collective system is compared to the technical and economic performance of a business
as usual (BAU) scenario. It is a legal requirement in The Netherlands to not charge more than
‘otherwise’ for heat, which is 95% from natural gas, mainly individual boilers [12]. Heat
prices are regulated by the ACM each year in accordance with this principle for the average
Dutch home [96]. The HR-Boiler is used as the baseline. HR-boilers extract almost all the
heat from natural gas combustion and extra heat from flue gases. This results in a high
efficiency for space heating (104%), whilst DHW is less (72%) [164]. Using the ratio of
space heating (79%) and DHW (21%) from Section 6.6, the relative efficiency is 97.3%. Note
that, this ultimately depends on the usage characteristics. The average lifetime used is 15
years [164]. The natural gas the emission factor is 203.04 kgCO2-eq/MWh and is mostly
consistent but is slightly refined each year [165]. Table 10 shows all the macro-technical
variables from section 6. No change in efficiency is assumed throughout the lifetime as the
individual systems are mature, such that additional gain towards the maximum theoretical
efficiency is likely to be infinitesimal.

In 2030, the equivalent carbon emission per kWh of central electricity production is predicted
to be 0.09 kgCO2.eq/kWh. This is an 81.3% reduction relative to 2019 (0.48 kgCO2.eq/kWh)
[58][59]. The 2030 emission factor is used from 2030-2060 and represents the consumer-side
energy, meaning electric power transmission and distribution losses are already accounted.
As predictions are rationalised from upcoming projects, a lack of 2050 project data means
that the 2030 emission factor is the most accurate future estimate. Policy targets are not
considered as large uncertainty exists for the predominant direction of electrification, storage,
and hydrogen infrastructure [12]. The precise role and extent of these technologies
determines the electricity emission factor. Uncertainty is large for fast ramping natural gas
turbines, which are projected to account for 30% of the 2023 Dutch power mix, but between
5and 27% in 2050 [166].



Table 10: Macro-technical variables used amongst the individual system components

MACRO-TECHNICAL VARIABLES
Emission Factor (kgCO2/MWh)
Natural Gas | 203
Electricity (2030) | 90
Lifetime (Years) Effz‘%“cy
LTG| 30 -

ESP| 6 55

GWHP| 15 50

TTES (2000m®)| 30 60

Central Boiler| 30 90

Individual HR-Boiler | 15 97

DHN | =50 ~80

7.0 Economic Methodology

In this section, the methodology for determining the economic performance of DHN
components and the individual natural gas boiler (BAU scenario) is derived. Technological
investments use a current price estimate from either capacity functions, absolute values or
from expert estimates. To estimate and assess the economic performance of the P50 and P90
scenarios, the annualised costs and NPV are used. To compare to the collective system to the
BAU scenario, the levelized cost of heat (LCOH) is used over the equivalent system lifetime.
A summary of all macro-economic variables highlighted in this section are first shown in
Table 11. This provides context to the different system costs which are elaborated hereafter.
If prices do not require technical results the total costs are simply presented.

Table 11: Marco-economic variables used amongst the individual system components

MACRO-ECONOMIC VARIABLES
Financial
Equity ratio| 30 |%
Debtratio| 70 |%
Cost of Equity| 15 |%
Costof Debt| 2 |%
Corporate Tax Rate| 22 |%
Economic Lifetime| 30 |Years
WACC (Collective System)| 54 (%
Capital Recovery Factor (Collective)| 6.8 |%
Discount Rate (Individual System)| 3 |%
Capital Recovery Factor (BAU)| 5.1 |%
LTG Insurance| 7 |% CAPEX
Unforeseen Costs| 10 |% CAPEX
Subsidy Duration (SDE++)| 15 |Years
Supplier Role| 5 | % Revenue




2021 HVC Energy Prices

Small Consumer Heat| 87 |€/MWh

Connection and Delivery | 513 |€/Home/Year

2030 Projected Energy Prices
Small Consumer Heat| 116 |€/MWh

Connection and Delivery | 183 |€/Home/Year
Large Consumer Gas| 28 |€/MWh
Large Consumer Electricity| 57 |€/MWh
Carbon Price| 47 | €/tonne

7.1 LTG

The doublet drilling costs require detailed investigation for accuracy. The horizontal drilling
price in the U.S. are 1.5 to 2.5 times more than a vertical well [167]. Another study indicated
1.7 times higher exploration price for horizontal drilling per distance [168]. These prices are
for deep wells, whilst relative drill price is less for shallower explorations [49]. Thus, a 1.5
times relative price factor is considered for a horizontal well, but as the deviation is 75° (83%
from horizontal), the factor becomes 1.41 times higher per metre drilled than a vertical well.

This is then translated to the geothermal CAPEX equation shown in Eq. 17 [68], which
excludes surface infrastructure and considers the cost of a vertical well. Due to the deviation,
which is explored in Zwijndrecht, the depth (d) applied to the deviated well is the total
measured depth (MD) of 2640m. When dividing the total by the MD, the drill price becomes
€1686/m. When applying the 1.41 factor this now becomes €2377/m. The is corroborated by
the relative deviated drill price for a 700m (TVD) deviated drill to be noted as being €2300/m
at 700m and €2400 at 1000m. As the TVD in Zwijndrecht is 744m, a conservative price of
€2350/m is used. The small variance between the two prices justifies a fixed value (no range)
in the economic model. Thus, for a total MD of 2640m, the total drill cost is €6.2 million.

Equation 17:
CAPEX 4y (€) = 375000 + 1150d + 0.3d?

The CAPEX for the surface facilities also requires some attention as some technologies are
not required depending on the depth and the aquifer conditions. A gas separation unit
(degasser) is not required, as a negligible gas ratio was reported in the Brussels Sand in
Zevenbergen (25km away) [111]. This unit typically costs €1m with annual maintenance of
€150k/year [169]. Also, a blowout preventer is not required for LTG pressures, typically
€0.2-0.3m [49]. A price and total cost breakdown are shown in Table 12, in which all prices
are derived from [49] apart from the ESP and well abandonment cost. All components apart
from the ESP last for at least 30 years [49][117]. The ESP has an average lifetime of 5 years
(expected to increase in the future) [117]. A spare is required, thus two are purchased in year
0 and an additional ESP every 6 years. An ESP in the Paris Basin with rated power capacity
of 250 kW cost €0.18m and an O&M (operation and maintenance) cost of €63.5k a year
[117]. As seen in Section 8.1, the ESP capacity in Zwijndrecht is 120-160 kW for P90 and
P50. Although this is roughly half the capacity of the Paris Basin ESP, it is unknown if this is
the lowest capacity ESP on the market. Thus, the cost for a 250 kW, capacity ESP is used.



The operating company must pay for the well abandonment cost and is responsible for any
leakage and subsequent clean up. SoDM guidelines must be followed for plugging the well
[170]. A deep onshore oil (near vertical) well was repurposed for geothermal production as
oil exploration became economically unviable. The well was plugged from 4918m back to
4120m and based on three design plans, the cost ranged from €1.08-1.31 million [171]. As no
other documentation exists, a cost of €1m is assumed in year O to be kept in a reserve fund.
The O&M for LTG (not ESP), namely for staff, administration, monitoring, insurance, spare
parts and waste disposal is 180k [49], resulting in a total fixed annual O&M of €0.234m

Unforeseen costs are said to range from 5-12% of total construction costs for a Dutch doublet
of 2200-2300m TVD [91]. As the MD in the Brussels Sand is 2640m due to the deviation, an
unforeseen cost of 10% of the total LTG CAPEX is assumed. This provides conservative
leeway for additional unexpected variable O&M costs. Furthermore, an additional 7% of
LTG CAPEX is added as an insurance cost, to decrease financial loss for investors if doublet
performance is lower than P90. The insurance policy pay-out by the ministry of economic
affairs is the fractional difference between the P90 and realised capacity, multiplied by 85%
of the doublet CAPEX [172]. Thus 17% of the LTG CAPEX is added in total.

Table 12: LTG data for drilling and surface facilities (CAPEX + O&M)

LTG ECONOMIC
Drill Price | €2350/m
Doublet (MD) | 2640m
CAPEX (Million €)
Drill Total| 6.2
2x Liner Hanger| 0.3
ESP| 0.18
Heat Exchanger| 0.241
Power Cabling/Converter| 0.125
Land and Site Permit| 0.2
Management/SDE/SoDM | 0.2
Process Control | 0.105
Blowout Preventer 0
Degasser 0
Drilling Labour and Energy | 0.273
Other Operation Expenses| 0.2
Flow Control/Clean out| 0.475
Well Abandonment (reserves) 1
Surface Facilities + Other| 3.3
Total Investment (+17%o) 11.15
Fixed O&M / year 0.234




7.2 GWHP

The GWHP lifetime is noted as 15 years [149]. The investment per unit depends entirely on
the type of HP, as shown by the price-capacity functions shown in figure 33. The total
investment however is bound by different ratios of costs. The average ratios of a GWHP
investment are shown in figure 34. The relevant costs concern the construction, consulting,
and HP investment, which amounts to 58% of the total investment [64]. The source and
electricity account for 42% of the total investment, which is determined in Table 12 and from
the CHESS operational output estimates respectively. Thus, Eq.17 is the modified CAPEX
function for the relevant costs of the GWHP [64]. The annual fixed O&M for an industrial
ammonia HP is estimated to be 2% of the total CAPEX in 2030 [173]. All costs are thus a
function of the capacity seen in Section 8.1.

Equation 17:
CAPEX (Million €) = 0.58 - (GWHP capacity * 0.6398 + 0.5043)
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Figure 33: The total investment costs for HPs using different sources. The GWHP source is noted in green.

Figure 34: Breakdown of investment cost ratios for a GWHP
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7.3 Auxiliary systems

A TTES lifetime of 30 years [154] and the price-capacity function from Fig. 35 generates a
relative price for a 2000m® TTES to be €194/m3 [156] (CAPEX is €0.389m). The fixed
O&M costs are calculated as 2% of the total investment costs per year, without the costs of
the transmission pipeline (DHN) cost [156] This electricity cost for the DHN internal pump is
determined via CHESS. Industrial natural gas boiler lifetimes range from 25-40 years. It is
assumed 30 years is justifiable due to the low utilisation (peak supply), compared to large
industrial boilers which operate at 98% full load [152]. For the required natural gas capacities
in Zwijndrecht, a CAPEX of €17.6 kW s and the fixed O&M is €1.82 kW s is applied.

TTES specific investment costs

y = 5294.6x7043
R?=0.8837

(o))
o
o
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Specific investment costs (€/m?3)

Figure 35: Relative investment cost (€/m®) as a function of storage capacity (m?)

7.4 Distribution Network

The costs for disconnecting the natural gas grid is the responsibility of the gas supplier [118].
As the economic assessment is from the perspective of the thermal producer, distribution
system operator and energy supplier as one single entity, the replacement of end-user gas
appliances are not considered. However, up to 2028, temporary natural gas boilers are used
whilst the DHN is expanded, and technologies are implemented [118]. Thus, a temporary
centralised natural gas boiler investment cost is a necessary requirement for the transition, as
seen in Table 14. Note that, the natural gas fuel costs and benefits are not accounted for as the
system lifetime begins in 2030. The role of energy supplier is assumed by negating 5% of
revenues for administrative and financial overheads [118].

Pipes should be designed to be large enough for future expansions to connect new users [61].
However, this results in an additional cost with an unquantified benefit as well as reduced
relative thermal loss (see pipe catalogue). For the purposes of a techno-economic analysis,
pipes must be sized to fit the intended design without assumed expansion. As HVC have
accounted for other production systems for 3200 homes, DHN data is modified to derive the
required system boundary. The delivery sets and the primary and secondary distribution
traces for phases which are not considered, were removed. Table 14 shows the DHN costs per
connection is €7209. This includes a horizontal drill (asphalt road) and an unforeseen cost of
10%. No surface pipes are required for the doublet distance, as the deviation provides this.



The primary backbone of DN250 was tested in CHESS to determine if a lower diameter can
apply to 2000 homes. As previously shown in Table 8, all simulated maximum velocities
which derive the DHN pipe sizes for 2000 homes are oversized. Namely, a requirement of
208mm results in the pipe to be constrained to the next factory standard of DN250. Pipe sizes
were noted to be the most sensitive parameter to total DHN costs in Switzerland [81]. The
system should be designed such that the DHN flow of the primary backbone (rmj from the
HP) is lowered to facilitate DN200. As Table 13 shows, measures which can reduce the
maximum velocity such that an inner diameter of 208mm reduces to DN200 (€1300/m) from
DN250 will reduce the price by €400/m. Provided the measures to reduce flow provide a net
benefit, considerable savings can be derived for large pipe lengths, such as the 1170m length
for the primary distribution in Zwijndrecht.

DN €/m

20 600

25 625

32 650

40 700 DHN INVESTMENT COSTS (Million €)
50 780 Backbone & Primary Pipeline 1,750
65 850 Control stations 0,549
80 900 Secondary Network 7,418
100 950 Delivery Sets + Connection line 2,816
125 1050 Auxiliary Heat Plant (temporary) 0,216
150 1100 Project Management Connections 0,358
200 1300 Unforeseen/Price Indexation 1.311
250 1700 Total investment (2000 homes) 14,417
300 1800 Average cost per connection (k€) 7209
350 2500

400 3000 Table 14: DHN investment costs including temporary heat plant
450 3500

Table 13: Default CHESS parameters for the primary and secondary distribution network

Thus, a reduction to DN200 desirable, such as through a valve which regulates the maximum
flowrate in one area and compensates for the area in another. This was conducted via an excel
solver. However, as the restricted flow in one pipe increases the flow in another, without an
optimisation tool that can consider all pipes, the ideal DN solution was too time-consuming
for a trial-and-error methodology. See Appendix D.2 for an example in which 3.5 kg/s flow
reduction is required to reduce the pipe diameter. Note that, this example used only a buffer,
thus the primary backbone diameter connected to LTG is larger than the collective system
with a buffer and a boiler. Therefore, for the purposes of this study, the 200m primary
backbone is counted as DN250, whilst the remaining 970m is DN200. This prevents
unnecessary costs, which, otherwise could be reduced by optimisation tools such as
WANDA, which optimise flow capacity [174].



7.5 BAU (HR-boiler)

The HR-boiler for the reference scenario has a technological lifetime of 15 years and a
CAPEX of €2250 for a replacement boiler [164]. The annual fixed O&M and connection fee
is €100 and €182.5 respectively. The CAPEX and fixed O&M highlighted in sections 7.2 to
7.5 is summarised in Table 14.

Table 14: Price-capacity functions and fixed O&M for the production, storage and the DHN

TTES + BOILER
CAPEX Fixed O&M
GWHP Function 2% | CAPEX
TTES| 194 €/m3 2% | CAPEX
Central Boiler| 17.6 €/kWih 1.82% | CAPEX
Individual HR-Boiler | 2250 €/Unit 100| €/Year
DHN| 7209 | €/Home 3%| CAPEX

The estimated LCOH for the HR-boiler must be higher than the P50 and P90 scenarios for the
collective system to be economically viable. This is due to new consumers regulations for
small consumers by The Netherlands Authority for Consumers and Markets (ACM), who
determine on behalf of the government, the maximum heat tariff. The ACM regulates heat
prices annually by capping the price to that which an average household would pay to heat
their property with natural gas [96]. Thus, comparing the LCOH of the BAU scenario is first
required to determine if a potentially positive NPV can even apply.

7.6 Economic Uncertainty

Key uncertainty parameters to apply are rationalised from a sensitivity analysis conducted on
a deep direct use geothermal techno-economic model in The Netherlands. The study found
the most sensitive variables to NPV in decreasing order were heat price, heat demand,
subsidy amount, operational cost, well capacity and drilling cost [91]. Thus, uncertainty in
the heat demand is omitted as future insulation upgrades are unknown and context dependent.
The drilling costs were previously estimated in Section 7.1 to not have much variance from
the available literature. The relative price of drilling could be analysed; however, such price
changes predominantly follow a volatile hydrocarbon industry and natural gas price [175],
which is also unpredictable.

Well capacity from flowrate uncertainty is thus used for geotechnical uncertainty scenarios.
This is denoted as the P50 and P90 transmissivity which determines the flowrates highlighted
in Fig. 26 by the reservoir characterisation from WarmingUP. The CHESS solver determines
technical topology differences (fuel and capacity), which has overall impacts to the economic
and environmental (CO.-eq) system performance. In 2021, HVC charged 5% less for district
heating (€87/MWh), 16.4% less connection/supply fee (€400/year), the ACM constraint for
the meter costs (€27/year) and 31.5% less for the delivery set (€86) [176]. Thus, a 2021 HVC
price is one constituent of the low revenue scenario. This assumes a 2021 heat benefit, whilst
considering a higher 2030 fuel price. Namely, a large consumer gas price (€28/MWh), large
consumer electricity price (€57/MWh) and the carbon price (€47/tonne) [58].



For the high revenue scenario, the same €513 total connection fee is assumed but a heat price
assumes the 2030 small consumer natural gas price of €113.3/MWh [58] divided by the
97.3% HR-boiler efficiency (Section 6.9), thus €116/MWh. This 2030 fuel price from PBL is
the most reliable prediction as technological investment development trends are considered
[58]. Thus, the revenue uncertainty has a justifiable and robust range. Note that the 2030
carbon price of €75/tonne is only used for the BAU and centralised natural gas boilers in the
collective system as the 2030 electricity price has a carbon price embedded [58].

Subject to technical performance, the collective system can apply for the SDE++ operational
subsidy for renewable technologies. The amount of subsidy depends on the technology and
extent of CO:2 reduction. LTG-HPs fall under the category of ‘Low-CO: heat’ [130]. The
requirements are a minimum depth of 500m (within the North Sea Group formation), in
which heat upgraded via a HP must have an SPF higher than 3, and a rated thermal output of
at least 500 kWth. If LTG-HP is applied to the built environment, a maximum of 3500 full
load hours are eligible for the subsidy. The DoubletCalc thermal output must be rationalised
with at least a P50 certainty [130]. Note that, P90 is often a financial requirement [49], thus
this is of more relevance when attempting to attract commercial and/or consumer investment.

The application phases are defined by subsidy intensity limits, namely, the maximum euros
allocated per tonne of CO2 avoided. The phases are chronological such that cost-effective
emission reductions have priority. Thus, applying for a lower (relative) subsidy will increase
the probability of success [58]. Conversely, a higher subsidy in later rounds will have a lower
ranking. Therefore, in this instance, the probability of receiving a share of the €5 billion
decreases. A limit of one technology per site applies [58]. The maximum subsidy available
for phases 1, 3 and 4 are used as revenue uncertainty parameters.

The base amount is the maximum amount of the subsidy for each of the phases and is ranked
by the subsidy intensity shown in Eq. 18. The parameters are fixed by the Dutch government.
The emission trading scheme (ETS) is not embedded in the preliminary correction amount as
this is calculated separately. Note that, the correction amount will change throughout the
subsidy duration and is partly determined by an unpredictable market value [58]. Thus, no
correction is made as market remuneration occurs after the fact. As the subsidy depends on
the full load hours and rated power, a breakdown with benefits is shown later in Table 19.

Equation 18:

€ ) [Phase Base Amount (ﬁ)] - [Longterm price (Ifw)]

kgCO,) ~ kgC 02)

Subsidy Intensity (
Emission Factor ( KWh

Another revenue consideration is the initial price paid by small customers for their heating
which is not currently regulated by the ACM. This is a one-off connection and project fee
known as the BAK (‘Bijdrage Aansluitkosten’) which is typically paid by the housing project
developer and is partially passed onto the customer [177]. HVC estimate €2500 could be
passed onto the user [118], thus the gross DHN cost of €7211 per home becomes €4711 per
home. This is very close to €4500 net connection used by the CE Delft business case [49].
However, this is quantified as a flexible benefit due to the use of the LCOH. The BAK is first
ignored amongst the fuel price and subsidy scenario. Then €2500 from year O is added to
determine the viability of the HVC estimate. The three revenue scenarios are shown below
and are embedded within P50 and P90 geotechnical uncertainty. When considering situations
with and without a €2500 BAK, 12 techno-economic uncertainty scenarios are derived.



- LOW: 2021 HVC PRICE + SUBSIDY ALLOCATION 1
-  MEDIUM: 2030 HEAT PRICE + SUBSIDY ALLOCATION 3

- HIGH: 2030 HEAT PRICE + SUBSIDY ALLOCATION 4

7.4 Financial Methodology

To determine the present value of future benefits and costs, they must be discounted via a
discount rate which considers opportunity costs. This must be done for every future cash flow
to determine the net present value (NPV) [178]. However, for this analysis, the weighted
average cost of capital (WACC) is used as the discount rate for the collective system, shown
in Eqg. 19. This ensures the NPV includes the cost of equity and debt for every future cash
flow as well as depreciation. Thus, using WACC as the discount rate accounts for financial
flows [179][180] Note that, a consumer discount rate of 3% is used for residential systems,
which only incur opportunity costs and inflation, not the risk associated with the large
collective system [181]

Equation 19:

WACC = Equity Ratio - Cost of Equity + Debt Ratio - Cost of Debt - (1 — tax)

The WACC depends on the financial structure of the venture, such as extent of equity and
location (differing risk amongst countries). Geothermal projects typically have debt-equity
ratios between 60-80% [68][182], therefore 70% is used. However, geothermal can include
green financing, thus the cost of debt is 2% (otherwise 3%) [183]. Interest payments are tax-
deductible, such that the cost of debt is multiplied by (1 — tax rate). The corporate tax rate in
The Netherlands from 2022 onwards is 21.70% for profits exceeding €200k [184]. Deducting
the corporate tax rate means the true cost of debt essentially becomes 1.57%. Geothermal
projects have high associated risk before production occurs and high economic volatility
(beta factor) from the residential application. Thus, a high recommended return on equity of
14.5% to attract commercial investment is required [185]. The WACC thus becomes 5.45%.

This is then applied to the NPV shown in Eq. 20 [186], to derive the present value at each
year (i) over the 30-year economic lifetime. If the total discounted benefits (B) are more than
discounted costs (C), then the project is profitable. To derive an understanding of the
annualised lifetime costs, the NPV is multiplied by the capital recovery factor (o) shown in
Eq. 21 [186]. This is a function of the discount rate (r) and project lifetime (n). As the
discount rate differs amongst collective (5.45%) and BAU (3%) scenarios, the capital
recovery factors are 6.8% and 5.1% respectively. Note that, the NPV is only applied to
collective system as only this contains the benefits. The BAU scenario is only used as an
initial cost-based indicator.



Equation 20:
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The LCOH provides a transferable metric to compare against similar projects or technologies
and thus, guide investment decisions. As only the costs are considered for producing a unit of
thermal production, it is the preferred metric to compare against the BAU scenario, which
does not have associated revenue. The LCOH equation is denoted in equation 21 [186]. For
the collective system, all capital costs occur in year 0 apart from an ESP purchase every 6
years (with two in year 0) and a second GWHP investment at year 15. For the BAU scenario,
the lifetime needs to be the same despite the HR-boiler having a lifetime of 15 years. Thus,
two system lifetime cycles are used for relative comparison. As boilers currently exist in
homes, the lifetime is assumed to be half complete, thus the HR-boiler CAPEX occurs in year
8 and 23. The fixed O&M has already been defined and the variable O&M namely, the
energy costs are defined in Section 8.1.

The denominator of the LCOH represents the energy produced, which must be discounted.
FO&M and VO&M are fixed and variable operation and maintenance costs respectively. The
collective system and the BAU scenario have different production system efficiencies. The
collective system has already incorporated the production efficiency via CHESS. However,
the demand must be increased for the BAU scenario by dividing by the 97.3% system
efficiency. An important consideration for the LCOH is the unaccounted thermal losses from
the DHN. Although CHESS simulates the additional energy produced from thermal losses
when solving the thermal balance, no negative costs in the form of lost revenue is accounted
when using the LCOH, which is a production-orientated cost metric. Only the NPV will
account for the thermal loss which does not reach the end-user via a loss in revenue. Thus,
the LCOH compares different technologies whilst the NPV serves as a business-orientated
economic performance indicator.

Equation 22:

_ CAPEX, + FO&M, + VO&M, + CO,,
t=1 (1+r)t

— MWh,

t=17T + 1)t

LCOH =



8.0 Results

The annual technical data from the BAU scenario and the collective system simulated in
CHESS under P50 and P90 flowrates is shown in Table 15 and 16 respectively. Table 17
shows the individual nature gas boiler (BAU) scenario and how the collective system reduces
CO2.¢q emissions by 67.7% and 72.9% for P90 and P50 scenarios respectively. Table 18
shows the estimated levelized cost of heat (LCOH) reductions are 5.48% to 6.6% respectively
for P90 and P50 scenarios. The load factor is relatively low, as this metric considers a low
injection temperature which results in a high capacity. Although this high capacity is rarely
reached, it does provide additional revenue for the SDE++ subsidy, as the annual awarded
sum is based on the capacity and full load hours of the system, as shown in Table 19.

Although both scenarios produce the 3500 full load hours required for the SDE++, the P90
flowrate has an LTG-HP efficiency of 2.93. As the COP > 3 constraint noted by the SDE++
guide [130] does not elaborate if the ESP power constitutes work, consideration is required.
The combined LTG-HP may require additional adjustments to increase the SPF for the P90
scenario. This can be from the HP side, such as increasing the system efficiency with
additional investment to reduce irreversibility. Or this can be from the ESP side, such as
reducing flowrate during low demand as the operational mode used in CHESS maximises
flow. If measures are required for the SDE++ subsidy application, either or both can be
assumed sufficient to increase the SPF to above 3 for the P90 scenario. However, technical
data from P50 can be submitted in the SDE++ application [130]. Thus, it can be reasonably
assumed that both scenarios can apply for the SDE++ criteria for the revenue analysis.

Table 15: Annual technical results for the P50

ANNUAL TECHNICAL DATA: P50 (LTG) + 2000m’ Buffer
LTG ESP
Output (MWh/a) Capacity (MW) Load Factor (%) Average AT (°C) Total (MWh/a) Capacity (MW)
16842 3,86 54% 14,42 1270 0,16
GWHP SPF (-)

Output (MWh/a) Capacity (MW) |Electricity (MWh/a) LTG GWHP LTG-HP
21561 5,07 4719,28 13,26 4,57 3,60
TTES (MWh/a) BOILER DHN (MWh/a)

Annual Discharge Thermal Losses Total (MWh/a) Capacity (MW) Internal Pump Thermal Losses
870 348,01 2845 6,22 46,15 3393
TOTAL SYSTEM (MWh/a) C0O2.,.,EMISSIONS
Electricty Natural Gas Imbalance Electricty (tCO,/a) | Natural Gas (tCO,/a) | BAU Reduction (%)
6036 3161 6,31 543 642 72,91

Table 16: Annual technical results for the P90

ANNUAL TECHNICAL DATA: P90 (LTG) + 2000m’ Buffer

LTG ESP
Output (MWh/a) Capacity (MW) Load Factor (%) Average AT (°C) Total (MWh/a) Capacity (MW)
13359 2,95 55,9% 14,81 996 0,12
GWHP SPF (-)

Output (MWh/a) Capacity (MW) | Electricity (MWh/a) LTG GWHP LTG-HP
18766 4,32 5407 13,42 3,47 2,93
TTES (MWh/a) BOILER DHN (MWh/a)

Annual Discharge Thermal Losses Total (MWh/a) Capacity (MW) Internal Pump Thermal Losses
1009 404 3698 6,99 46 4192
TOTAL SYSTEM (MWh/a) CO2.,EMISSIONS
Electricty Natural Gas Imbalance Electricty (tCO2/a) |Natural Gas (tCO2/a) BAU Reduction (%)
6448 4109 24 580 834 67,66




Table 17: Techno-economic performance of BAU scenario

BAU (NATURAL GAS BOILER) | (Million €/year) | Home (K€/year)
Boiler Investment (year 8 and 23) 4.5 2250
Annual Gas Grid Connection Fee 0.365 182.5
Annual Natural Gas Cost (with COy) 2.44 1221
Annual O&M 0.20 100
Annualised Cost 3.30 1649
LCOH €/ MWh 153.3
CO2 tonnes/year (BAU System) 4375

Table 18: Collective system costs, with numbered brackets indicating the required (re)investment years

COLLECTIVE SYSTEM COSTS | P90 | P50
System Investment costs (Million €/year)

Net DHN 14.4 14,4

LTG 10.1 10,1

ESP (0;0;6;12;18;24;30) 0.180 0,180

CAPEX GWHP (0;15) 1.90 2,17
TTES 0.39 0,39

Natural Gas Boiler 0.12 0,11

Annual System Costs (Million €/year

Natural Gas 0.15 0,12

Fuel Electricity 0.37 0,34
Carbon 0.07 0.06

DHN 0.43 0.43

LTG 0.17 0.17

ESP 0.06 0.06

FO&M GWHP 0.04 0.04
TTES 0.01 0.01

Natural Gas Boiler 0.01 0.01

Annualized Costs 3.25 3.21
Annualized Cost (€/building) 1625 1606
LCOH (€/MWh) 144.7 142.9
REDUCTION FROM BAU (NATURAL GAS BOILER)
LCOH 5.48% 6.63%
Annualized Costs 1.45% 2.65%




Table 19: Subsidy allocation parameters from the SDE++ [130] calculated from Eq. 18 based on the LTG-HP

capacities simulated from Section 8.1, showing the annual subsidy allocations for P50 and P90 scenarios

Phase/Base amount (€/kWh)
Application Phase 1 3 4
Subsidy intensity limit (€/tCOz) 65 180 300

Maximum Base Amount per phase 0,0438 0,0629 0,081
Subsidy intensity (€/tCO2) 65,06 180,12 289,16
Subsidy (€/MWh) 15,80 34,90 53,00
Annual P90 Subsidy (Million €) 0,239 0,528 0,802
Annual P50 Subsidy (Million €) 0,280 0,619 0,941

Fig. 36-39 shows the progression of NPV amongst the 30-year lifetime amongst low, medium
and high revenue scenarios for P90 and P50 flowrates, with and without a €2500 connection
fee (BAK), in year 0. The NPV ranges from €-4.7m to €11.7m and all scenarios with
subsidies and a €2500 connection fee have a positive NPV irrespective of heat price. If low
flowrates are produced and no subsidies are awarded, the required connection fee to break
even is €3522 and €1622 for 2021 and 2030 heat prices respectively. This worst-case
scenario was deduced by a simple excel solver, by setting the target as NPV = 0.

P50: NO BAK LOW MEDIUM HIGH
PAYBACK PERIOD >30 18 13
NPV (Million €) -3.7 3.53 6.77

PRESENT VALUE OVER THE P50 SYSTEM LIFETIME (NO BAK)
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Figure 36: NPV progression for P50 (no BAK)



P50: WITH BAK LOW MEDIUM HIGH

PAYBACK PERIOD 26 11 10

NPV (Million €) 1.3 8.53 11.77

PRESENT VALUE OVER THE P50 SYSTEM LIFETIME (WITH BAK)
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Figure 37: NPV progression for P50 (with BAK)
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Figure 38: NPV progression for P90 (no BAK)



P90: WITH BAK LOW MEDIUM HIGH

PAYBACK PERIOD 29 13 11

NPV (Million €) 0.3 7.07 9.83

PRESENT VALUE OVER THE P90 SYSTEM LIFETIME (WITH BAK)
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Figure 39: NPV progression for P90 (with BAK)

8.2. Case Study Comparison

The CE Delft [49] study estimated an emission reduction for 2030 to be 61-63% less than a
gas boiler for a 70C supply and an SPF for the combined LTG-HP system which does not
reach higher than 3.2. In Zwijndrecht, an 80°C supply showed an emission reduction of 67-
73% and an SPF of 2.93-3.6. This may seem unexpected as the model in Zwijndrecht has a
better technical performance for a higher supply temperature. However, CE Delft uses a fixed
8°C injection temperature. For a residential heat demand, a consistent 8°C is very unlikely,
unless an extremely large storage capacity was present to maintain a constant thermal
production throughout the year. However, no large thermal storage was noted in the study.

When a dynamic heat demand profile is used, low demand recorded during summer derives a
high COP. This is due to less electrical work from the HP compressor compared to the ESP
which derives the ambient source at a high LTG-only COP. Thus, the magnitude of LTG
output is higher in the CE Delft [49] study, but the relative efficiency is lower. This is also
shown by the lower emission savings of the P90 scenario in Zwijndrecht, due to the higher
HP electricity use. In short, a static heat demand profile for a residential application without
seasonal storage, does not represent the typical system condition. Especially when 300m?/hr
is assumed, which is over double the P50 flowrate. In Zwijndrecht, the dynamic heat demand
shows that an injection temperature which is lower than 9°C, occurs for only 2001 hours in a
year (Fig. 21).



Another factor for the higher SPF simulated in CHESS is the more efficient Lorenz cycle
efficiency and the different aquifer pressures which determine the ESP power required to
overcome formation resistance. These variable interactions are not easy to interpret amongst
different demand characteristics. Especially as a 50% system efficiency Lorenz cycle was
used in Zwijndrecht compared to a 70% (less efficient) Carnot cycle, which was used by CE
Delft [49]. When comparing the economic viability, the CE Delft study [49] required a one-
off connection fee (BAK) of €2,000-4,000 per dwelling was required, as well as the SDE+.
However, in Zwijndrecht, all 2030 heat price scenarios have a positive NPV. Furthermore,
the worst-case scenario (P90 and no subsidy) requires a €3552 and €1623 connection fee for
the 2021 and 2030 heat price respectively. Therefore, a better economic indication is apparent
in Zwijndrecht.

Compared to the small German DHN [80] mentioned in section 2.4, which supplied 127
homes with a GSHP (60°C DHW and 40°C space heating), the collective system for 2000
homes had nearly the exact same results. The German DHN was shown to reduce CO:
emissions by 64% and annualised costs by 5%, relative to an individual natural gas reference
boiler scenario [80]. Note that, different costs and electricity grid emissions apply in
Germany in 2016 compared to The Netherlands in 2030. Thus, this indicates that the larger
GWHP system for 2000 homes in 2030, can derive a similar techno-economic performance
as an efficient GSHP which supplied high efficiency German homes in 2016. As the carbon
price was considered, it shows this is ineffective as the centralised natural gas boiler still
provides cost-effective peak demands regardless of this cost.

However, the minor extent to which the P90 and P50 scenarios differ economically may seem
surprising from the individual LTG perspective. However, CHESS allocates the cheap natural
gas boiler capacity and fuel to the P90 scenario to replace this deficit. Furthermore, the price
capacity function for the GWHP causes the investment costs to increase. So, whilst less
electricity is required for the P50 LTG-HP, the overall capacity increases from a higher LTG
capacity. Therefore, when the DHN system is considered, the economic risk of P90 flowrates
is very low, as the solver compensates by activating more boiler capacity and thus emissions
rise from more natural gas use. Thus, when multiple sources of cheaper but higher emission
production are used within the DHN, this can lower economic risk, but the system becomes
less sustainable.



9.0 Discussion

Despite the collective system appearing to have better economic performance than the BAU,
the metric of LCOH requires some consideration. As LCOH is production-based, only the
production system efficiency is accounted, not the DHN distribution losses. Thus, the
collective system with distribution losses amongst the DHN will appear to have a better
economic performance than suggested. In other words, thermal losses are not contextualised
to end-user revenue in which more heat is produced to maintain the thermal balance (energy
received) which has a positive implication to the LCOH. So, whilst the production efficiency
is accounted for by modifying the demand, the thermal losses of distribution are not
accounted for in the LCOH. Only the NPV accounts for the reduction in revenue from the
DHN thermal losses.

As expected, the higher P50 flowrate has a lower LCOH than P90, as additional operational
energy is generated from very little additional ESP cost. Namely, the increased transmissivity
of 5 Dm (which facilitates a 20% higher flowrate), provides a marginal thermal benefit of the
magnitude of the SPF of the LTG system (~13). When compared to the P90 scenario, a P50
flowrate requires 283 MWh more electricity annually for the ESP to generate an additional
3866 MW, th. This explains why the P50 scenario was modelled as having a 5.25% more CO>
emission reduction than the P90 scenario.

Whilst the system is technically profitable over the 30-year economic lifetime, it is not a very
commercial attractive venture relative to other investments. The payback period investor
requirements can be as low as 7 years for a GSHP system [95]. However, it should be noted
that the estimates used were on the conservative side to try to mitigate investor insecurity.
Namely, the 7% insurance cost, which determines an unquantifiable benefit in the event of a
lower than P10 capacity. Furthermore, the well abandonment cost was assumed, even though
the LTG lifetime is economic rather than technical and thus, this is not necessarily required in
year 30, but a €1 million fund was reserved, nonetheless.

Limitations and recommended further technical research for stakeholders is now discussed.
Uncertainty from LTG output is primarily considered as a function of the transmissivity of
the aquifer. However, different variables can reduce LTG flowrate, such as temperature and
pressure, which DC1D considers. Viscosity and friction resistance in the injector can be twice
as much as in the producer [70][192]. However, these functions are not embedded in CHESS.
Hence why the maximum flowrate was derived from a 15°C average temperature in DC1D,
for the CHESS flowrate constraint. The precise thermal influences on flowrate are required.

A plate heat exchanger was not modelled in CHESS, as the 4-port HP refrigerant essentially
assumes a perfect transfer. However, the material, depth, configuration, size, flowrate, sand
scaling all influences the heat transfer efficient [187]-[190], and thus requires substantiation.
Scaling, such as from calcite, silica and barite reduce the surface area exposure and thus, also
require additional mitigation costs [70][191].

The change in AT between cold and warm aquifer thermal plumes is required throughout the
thermal lifetime. This thermal interference is not assumed in the technical model, however,
after several years, the production temperature may reduce. Therefore, researching the 1000m
doublet distance and the extent and temperature reduction is required. Also, the optimal
distance for a specific increase in the vitality is recommended. This may can done on the
software DoubletCalc2D.



Injection-related fracturing occurs when injection pressure exceeds the minimal principal
stress in a rock formation [70]. Fracturing can be desirable, i.e., localised hydraulic
simulation to increase productivity (reduce skin factor) at the filter, or unwanted physical
well damage. A colder and denser injection temperature may cause early-stage well damage
if sufficient monitoring is not applied. Thus, reductions in injection temperature should
consider injectivity index safety limits to prevent well damage, such as that observed in
Twente recently [113].

CHESS recommendations are now provided. A main need is to add thermal storage losses as
a function of size, shape, material, capacity, and cycles. Also, different desired temperature
regimes per simulation run, to allow for a lower temperature requirement in summer when no
space heating demand is required 9only DHW =~60°C). As HVC recommended the supply-
return regime to be 85/45 (°C), thus an 80/40 regime was used to account for the lower
temperature in summer and represent the average building condition (see Table 2). Also,
having time-defined activation priorities amongst the topology is required. Currently, the
activation priority is fixed for the entire simulation and leads to the following problems:

e Seasonal technologies such as aquathermy, require different flows depending on the
season. For example, the surface water can either supply the HP directly, such as in
autumn, or charge the aquifer in summer. Currently, different simulations for the
seasons are required if flows are to be matched to surface water temperatures.

e Planned downtime maintenance for the LTG-HP cannot be simulated as occurring at
a precise time, such as during a period low summer demand. Implementing this would
reduce the post-processing of LTG-HP output.

e The activation priority 2 for the day-week buffer always acted as seasonal storage
during summer as the LTG-HP would charge when demand is low, which resulted in
post-processing (Eq. 16). A deactivation period during summer would prevent this.

The flowrate constraint for LTG uses the same fluid properties as the DHN. Thus, a mass
flowrate and Cp input for the geothermal fluid would prevent post-processing for the brine:

e Universal Cp in CHESS = 4181 J/kg°C for DHN, but LTG is ~4000 (3.8% salt).
e Connect DoubletCalc functions to injection temperature to calibrate flowrate.

e Add a quadratic function to the LTG flowrate for an ESP module which simulates the
production pump electricity.

The geothermal heat pump is placed in an industrial area in which a variety of waste heat
could be utilised. This may provide cost-effective heat pump and/or peak boiler capacity
reduction. Unless processes are carbon intensive coal-driven, utilising industrial processes
should expect a net reduction relative to a gas boiler. However, this ultimately depends on
somewhat subjective definitions of emission intensity which differ internationally. Waste
heat must have sufficient temperature, capacity, ramp time and strategic and synchronised
schedule durations.



By using more reliable heat demand data which is geographically connected to specific
cluster locations will facilitate the assignment of different temperature regimes. By doing so,
return temperatures for inefficient homes can become the supply temperatures for efficient
homes. Thus, rather than designing a branched ‘tree’ network, further research should focus
on a cascading ring system, potentially with localised booster HPs, not a natural gas boiler.
This may improve the techno-economic performance. The tool WANDA within the Design
Toolkit beta release in 2022 is recommended to be used for such a design. This facilitates
optimal pipe route decisions as well as volume capacity, a limitation of the CHESS design.

10.0 Conclusion

This study derived a robust techno-economic model of an LTG-HP system within a medium-
high temperature DHN in The Netherlands. The intention as to examine the poor economic
which may dissuade investors from conducting a more detailed feasibility into LTG-HP
systems. The Zwijndrecht case is interesting as the intended supply is high, meaning
theoretical efficiency is low. This is partially why no documented examples of a DHN exists
which supplies residents from a LTG-HP upgrading the source by more than 50°C.
Therefore, it becomes highly relevant when commercial interest arises to examine an LTG
(31 °C) system which supplies inefficient residential homes.

The aim was to resolve the limitations of the only known business case of an LTG-HP within
a residential DHN. Namely, the use of generalised static inputs which provide transferability,
but not a robust techno-economic performance indication or justifiable uncertainty range. The
specific geotechnical and revenue uncertainty considered, flowrates, heat price and subsidy
allocation. A robust contextual techno-economic indication was developed to provide
scientific and stakeholder insights into the viability of such systems. The WarmingUP project
characterised the Brussels Sand aquifer, which serves as the geotechnical basis to derive the
range of maximum flowrates from DoubletCalc1D. The P50 (36.2 kg/s) and P90 (30.9 kg/s)
flowrates were embedded within the thermal balance (solver) CHESS.

The LTG-HP systems studied provides a more positive indication than the ThermoGIS
indication and CE Delft [49] study which formed the basis of comparison. The system is
profitable for all 2030 energy price scenarios irrespective of subsidies. However, when
compared to other ventures, it is less commercially attractive without subsidies.
Recommendations are provided in the context of improving the techno-economic model
accuracy. Also, suggested improvements to the CHESS tool are provided in the context of
thermal production integration.
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12.0 Appendix

Appendix A: Porosity and permeability readings simulated from the 3D subsurface model
conducted by the WarmingUP aquifer characterisation

PHIEX [U] PERMX [U]
Porosity - effective [m3/m3]

Permeabllity (m0]
10000

Appendix B1: DoubletCalc1D input-output interface showing the AP in the injection well for
the P50 scenario to be less than 15 bar (14.79 bar), thus the injection temperature complies
within the recommended safety constraint.

e o o o 182

Geotechnics (Input) Geotechnics (Output)

Property min median max Monte Carlo cases (stochastic inputs) P90 P50 P10
aquifer permeability (mD) 500.0 700.0 800.0 aquifer kH net (Om) 29.97 3563 40.31
aquifer netto gross (-) 05 0.55 0.6 mass flow (kais) 2742 3228 36.32
aquifer gross thickness (m) 80.0 95.0 105.0 pump volume flow (m*h) 96.7 137 127.9
aquifer top at producer (m TVD) 572.0 635.0 699.0 required pump power (kW) 921 1083 121.8
aquifer top at injector (m TVD) 554.0 615.0 677.0 geothermal power (MW) 2.88 34 3.88
aquifer water salinity (ppm) 350000 38000.0 45000.0 COP (KW/kW) 302 314 327
Property value aguifer pressure at producer (oar) 71.91 752 79.15
number of simulation runs (-} 1000.0 aquifer pressure atinjector (bar) 70.83 7390 77.79
aquifer khikv ratio (-) 10.0 pressure difference at producer (bar) 8.96 9.08 9.21
surface temperature ("C) 10.0 pressure difference at injector (bar) 14.67 1479 1493
geothermal gradient ("C/m) 0.032 aquifer temperature at producer * (°C) 3072 3183 3295
mid aquifer temperature producer (*C)] 0.0 temperature at heat exchanger [*C) 30.45 3148 3257
inital aquifer pressure at producer (bar) ] 0.0

[initial aquifer pressure at injector (bar)] 0.0 base case (median value inputs) value

exit temperature heat exchanger (*C) 5.0 aquifer kH net (Dm}) 36.58

distance wells at aquifer level (m) 1000.0 mass flow (kg/s) 3313

pump system efficiency (-} 0.7 pump valume flow (m*h) 116.8

production pump depth (m) 200.0 required pump power (KW) 112

pump pressure difference (bar) 24.0 geothermal power (MW) 35

outer diameter producer (inch) 10.63 COP (KWIkW) 315

skin producer (-) 0.0

skin due to penetration angle p (-) 181 |aquifer pressure at producer (bar) 75.18

pipe segment sections p (MAH) 150.0,300.0,1320.0 aquifer pressure atinjector (bar) 7383

pipe segment depth p (m TVD) 150.0,300.0,744.0 pressure diffierence at producer (bar) 9.06

pipe inner diameter p (inch) 913913013 pressure difference at injector (bar) 1479

pipe roughness p (milli-inch) 202020 aquifer temperature at producer * (°C) 3184

outer diameter injector (inch) 1063 temperature at heat exchanger (°C) 315

skin injector (-) 0.0 pressure at heat exchanger (bar) 15.03

skin due to penetration angle i (-) -181 * @ mid aquifer depth

pipe segment sections i (m AH)

pipe segment depth i (m TVD)
=

150.0,300.0,1300.0
1500,300.0,733.0



Appendix B2: Flowrates for a vertical well (0 skin factor), showing a 20% difference
between the deviated well (B1)

Property

aquifer permeability (mD)
aquifer netto gross (-}

aquifer gross thickness (m})
aquifer top at producer (m TVD)
aquifer top at injector (m TVD)

aquifer water salinity (ppm)

Property

number of simulation runs (-}

aquifer khikv ratio (-)

surface temperature ("C)

| geothermal gradient (*Cim)

- mid aquifer temperature producer (°C)]
inital aguifer pressure at producer (bar) ]
[initial aguifer pressure atinjector (bar) ]
exit temperature heat exchanger (*C)
distance wells at aquifer level (m)

pump system efficiency (-}

production pump depth (m}

pump pressure difference (bar)

outer diameter producer (inch)

skin producer (-)

skin due to penetration angle p (-)

pipe segment sections p (m AH)

pipe segment depth p (M TVD)

pipe inner diameter p (inch)

pipe roughness p (milli-inch)

outer diameter injector {inch)

skin injector (-)

skin due to penetration angle i (-)

pipe segment sections i (m AH)

pipe segment depth i (m TVD)
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Geotechnics (Input)

min median max

500.0 F00.0 800.0
05
80.0

572.0

0.55
950
6350
615.0
38000.0

06
105.0
699.0
554.0 677.0
35000.0 45000.0

value

1000.0

10.0
10.0
0.032
0.0

0.0

0.0
15.0
1000.0
07
200.0
24.0
10.63
0.0

0.0
150.0,300.0,1320.0
150.0,300.0,744.0
9.139.13,9.13
202020

10,63

0.0

0.0
150.0,300.0,1300.0
150.0,300.0,733.0

Geotechnics (Output)

Monte Carlo cases (stochastic inputs)
aquifer kH net (Dm)

mass flow (kgis)

pump volume flow (m*h)

required pump power (kW)

geothermal power (MW)

COP (KWI/kW)

aquifer pressure at producer (bar)
aquifer pressure at injector (bar)
pressure difference at producer (bar)
pressure difference at injector (bar)
aquifer temperature at producer * (°C)

temperature at heat exchanger (°C)

base case {(median value inputs)
aquifer kH net (Dm)

mass flow (kals)

pump velume flow (m¥h)
required pump power (KW)
geothermal power (MW)

COP (KWikW)

aquifer pressure at producer (bar)
aquifer pressure at injector (bar)
pressure difference at producer (bar)
pressure difference at injector (bar)
aquifer temperature at producer * (*C)
temperature at heat exchanger (°C)

pressure at heat exchanger (bar)
* @ mid aquifer depth

P90
3017
24 96

879

837

1.59

18.3

71.89
7091
10.19
13.44
30.72
30.43

value
36.58
300
105.8
100.7
1.97
19.6

7518
7383

103
13.55
3184
3147
13.85

P50 P10
3556 40.43
292 33.01
1029 163
980 108
1.91 222
19.5 208
75.18 79.17
7388 TTI7
1031 10.44
13.56 13.69
31.83 32.99
31.45 3252

<

Appendix C: Space heating and DHW demand for 2000 representative homes in
Zwijndrecht. The P50 LTG-HP output is also plotted to show the peak demand. Note that the

thermal losses are not calculated, thus the peak demand is higher.
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Appendix D1: Pipe catalogue characteristics which are used in CHESS

NEW PIPE CATALOGUE DN |~ D | WI | PUR | HDPE Loss
Size (mm) (mm) (mm) (mm) (W/mK)
Roughness = 0.1 mm 200 210.1 45 43.85 41 0.62758
- 250 | 263 5 | 587 | 48 | gas1e o
DN D WT PUR HDPE Loss 1 T T T = Conductivities
Size  (mm) (mm) | (mm) (mm) (W/mK) 300 | 3127 | 56 | 5785 | 52 | oa6474 of steel pipe,
20 | 217 | 26 | 2855 | 3 e 350 | 3444 | 56 | 666 | 56 | ga1o1 insulation,
5 | 285 | 26 | 2535 | 3 . 400 |3938 | 63 | 711 | 57 | g37870 plastic casing
32 | 372 | 26 | 308 3 A 450 | 4444 | 63 | 805 | 6 | 033600 :
l ! ! ! ! . : t t t K W/mK
4 | 431 | 26 | 2785 | 3 L4 500 4954 | 63 | 944 | 66 | oo018
| | | | ! ! ! ! - - | Steel pipe | 52.15
S0 | s45 | 29 | 2935 | 3 o 600 | 5958 | 71 | 872 | 78 | o533 !
! 1} ! 4 - - t T T T T T 1 PUR 0.027
| 65 | 703 | 29 J| B & | g5 | %00 [ 695 | 8 | 858 | &7 | 0.28833 insulation
80 825 32 32.55 3 1.0292 800 795.4 88 84.1 9.4 0.28362 HDPE 04
| | | | I | | T T T astic
100 | 1071 | 36 | 3965 | 32 | ggei3 900 | 894 | 10 | 828 | 102 | g,00e B
125 | 1325 [ 36 | 3925 | 34 | oem2 1000 | 994 | 11 | 81 1 | s
150 | 1603 | 4 375 | 36 | qg7sa90 1100 | 1096 | 11 | 292 | 118 | 75

Appendix D2: Example of the described pipe optimisation methodology

The max my DHN flow to satisfy COP > 3

N

Max recorded flow in CHESS _H (ke/s) £e0e8
m3/s 0,0350
Peak velocity m/s 0,6383
Original DN before solve m 0,2642 q j 4-Q
DN 250 (solve if oversized) m 0,2500 (- v)
Max flow for DN250 m_H (kg/s) 30,33097383

100€/m more for DN250 to DN300? Or reduce flow by 3.5kg/s? Cost-benefit analysis!




