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Abstract:

Diaphragm wall foundations adapted for use as ground heat exchangers are an attractive
proposition to achieve low-carbon heating and cooling with heat pumps in larger non-domestic
buildings. As the extent of a diaphragm wall installation is driven by geotechnical questions and the
number of storeys, key system design considerations are the peak and seasonal capacity of the
ground heat exchanger and the proportion of the building demands that can be satisfied. Dynamic
simulations of prototypical office buildings in a range of climatic conditions have been used to
analyse heat exchange potentials using a Dynamic Thermal Network (DTN) heat exchanger model.
Systematic evaluations of the time-dependent heat fluxes between three boundaries (heat
exchanger, basement, ground surface) have been made to maximize heat exchange potentials and
overall system efficiency given temperature constraints over 20 years operation. This has allowed
maximum heat exchange potentials to be evaluated for a range of design parameters and climates
to enable preliminary design of diaphragm wall heat exchanger systems and assessment of
hybridized solutions. Considering short timescale dynamic effects suggests peak heat exchange rates
higher than previously reported. In some climates seasonal operation is found to be constrained by

temperature limits according to ground thermal properties.

Keywords: screen wall heat exchanger; diaphragm wall heat exchanger; foundation heat exchanger

1. Introduction

This paper reviews literature and contributes original research findings evaluating the
capacity of diaphragm wall foundations adapted for use as ground source heat exchangers. The
context is that various types of ground source heat exchangers can serve heating and cooling loads

of buildings with better inter-seasonal performance than air-source heat pumps and air-
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conditioners. This paper’s objective is to evaluate the potential of vertical diaphragm wall heat
exchanger (DWHE) integration into ground-source heating and cooling systems without freezing or

overheating the basement of the associated building. Original results are compared with others’.

The original research contributed by this paper is a series of simulations of a heatpump and
chiller responding to building heating and cooling loads in various climates with various ground soil
conductivities compared by varying the number of activated DWHE modules. The DWHE model was

validated in Barcelona, Spain, and implemented as a simulation component type in TRNSYS17 [1].

The results are described, discussed and justified in terms of the local climate, soil

conductivity, and the intermittency of heating and cooling loads imposed by the HVAC system.

Background literature describes how ground source heat exchangers, heat pump systems,
and space heating-cooling systems interact. A unique focus of the present literature review is to
compare DWHE performance in terms of a common denominator — the meters of wall (mp)
measured horizontally. This is distinct from the convention of normalising performance of U-tube
bore heat exchangers and thermal piles by vertical dimension meters (m,). DWHE performance is
further normalized by the thermally active depth of walls such that performance is proportional to

vertical area exposed to soil on at least one side, measured in square meters (m?).

The present review is tabulated as a comparison of DWHE capacity as heat source and/or
sink per square meter and dividing these by the active length of each. Table 1 also discloses overall

active depth of each DWHE as well as the portion embedded below the lowest basement floor.

A geothermally activated building structure - also known of as foundation heat exchanger
(FHX) is useful in dense urban settings. Geoexchange systems historically depended on borehole
heat exchangers or horizontal pipe networks buried under adjoining parking lots and gardens. This
has limited application in dense urban settings until development of pipework integration with steel-

reinforced concrete piles required to support high-rise buildings: so-called energy piles. Diaphragm
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walls provide an additional opportunity to integrate ground-source heat exchangers into the
perimeter basement retaining walls of high-rise buildings. A diaphragm wall heat exchanger (DWHE)

is also known as a screen wall heat exchanger. DWHEs and energy piles are examples of FHXs.

The use of building foundations as heat exchangers has developed cautiously with concern
for cyclic thermal impact on structural safety performance [2-4]. Some literature has been thermo-
mechanically focused on the dilemma of increasing energy density and thermal expansion of the
structural steel-reinforced concrete matrix that integrate with the heat exchange fluid pipework. A
few studies (such as the present paper) have been focused on capacity to provide heat sources and
sinks as dynamically demanded in the operation of building services. Thermo-hydro-mechanical
analysis could correct initial assumptions in the process of designing retraining walls [5, 6], especially

if thermal activation can be enhanced beyond what has been demonstrated to date [7].

Geoexchange, or ground coupled heat pump (GCHP), systems are generally more efficient
than conventional air-source heat-pump / air-conditioners[8, 9], but heretofore the capital expense
and land-required for ground-source heat exchangers have often been problematic[10]. Effective

GCHP system controls are complex[11], with further discussion in sub-section 2.1 of methods.

While energy piles are the more conventional foundation heat exchanger (FHX) elements for
geoexchange systems, diaphragm wall heat exchangers have seen less exploitation in buildings and
infrastructure [10] until a few case studies emerged in Austria, China, and the UK [12]. Early case
studies involved the retaining walls of underground railway tunnels. With respect to hot climate
developments, DWHEs have been installed at the Shanghai Museum of Natural History [3] — but
without published post-occupancy studies it is not known if this installation proved to be a
sustainable heat sink. Meanwhile the last 12 years of research and development have started to
address problems of integrating SWHEs into building perimeter foundations [1, 13-15]. Ongoing
there have been more studies focused on heat sink (rejection of heat injected into the earth) via U-

tube bore fields [16, 17], or cast into structural foundation piles and caissons [2, 18].
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While borehole heat exchangers are known to perform heat extraction/rejection circa 30-
100 W/m,, foundation thermal piles have performed in the lower of range 40-50 W/m, [13]. Both of
these typologies behave cylindrically as a vertical “line-source” [12], so performance is proportional

by embedded depth measured vertically in meters (m,).

With respect to U-tube cast into foundation piles, performance is assumed to be scalable
pro-rata with respect to vertical meters (m,) of embedment. VDI general guidance for heat
extraction from poor to normal soil conditions (1.5 to 3.0 W/m-K thermal conductivity) in Central
Europe [19, 20] suggests U-tube heat source capacity for space heating vary 25-60 W/m, , but drops
to 20-50 W/m, if service hot water demand is included. Those guidelines do not account for the
higher potential capacity of alternating heating and cooling (extraction intermixed with rejection)
associated with reverse-cycle HVAC systems. Subsequent research suggested heat extraction

capacity guidelines should be adjusted depending on pile diameter and L/D ratio [21].

1.1. Horizontal ground heat exchanger (HGHE) — an ideally two-dimensional typology

While the opportunity to integrate a DWHE into a vertical basement wall is the focus of the
present review, there is a greater body of literature describing another planar heat exchanger
typology. This is the horizontal ground heat exchangers (HGHE), comprising pipework loops buried
below frost level. VDI guidelines for central Europe suggest that HGHEs can provide 16 to 24 W/m?
of heat extraction for 2400 hours per annum from moist cohesive soil, but only 8 W/m? in dry non-
cohesive soil [22]. Scholarly literature describes how outdoor ground heat exchangers, heat pump
systems, and space heating-cooling systems interact, involving various types of ground-source heat
exchangers. HGHEs may have been more generally applied because they do not involve specialist

drilling, only depending on a land area covered with suitable soil [23].
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Esen, et al.’s research program Firat University, Elazig, Turkey has demonstrated HGHE
performance in a Mediterranean-influenced hot-summer humid continental climate, back-filled one
or two meters. Their energy and exergy analysis shows that HGHE performance for heat pumping
increases when the ground temperature is higher [8]. Techno-economic appraisal of heating [24] and
comparison space cooling [9] show that HGHE/heat-pump systems demonstrated at are superior to
air-source systems. In evaluation of HGHE performance, numerical finite difference and

experimental analysis agreed [25].

Vector and neural network methods [11, 26] as well as modelling with adaptive neuro-fuzzy
interface systems found HGHE horizontal layout of serpentine arrangement per meter (m;) of 16
mm @ pipework with 0.3 my, spacing resulted in 7 to 8 W/m, (24 to 27 W/m?) capacity, depending on
installed depth of installation [27] — VDI [22] implies that the local soil was suitably conductive.
Artificial neural networks and adaptive neuro-fuzzy interface systems [28], statistical weighting [29],
and fuzzy logic [30] were trained to predict performance of their HGHE/Heat-pump system.
Horizontal slinky [31] and vertical slinky [32] performance of ground source heat exchangers
integrate well with solar heat source for climate control of greenhouses in Eastern Turkey’s Dsa

Koppen climate at Firat University.

While vertical borehole heat exchangers are currently most popular, HGHEs are simple to
design and install if suitable land is available[23]. The two-dimensional planar performance of a
HGHE is naturally normalised by the area, with reference to the depth of soil backfilled on the upper
side. Beware that the heat transfer dynamics becomes three-dimensional by tilting a planar heat
exchanger vertically and only backfilling on the extrados side when integrated into a soil retaining
wall, tunnel, or basement. So, this review now turns to performance of a vertical DWHE, integrated

into foundations at the perimeter of a building.

1.2. Review of guidelines arising from studies of vertical DIWHE capacity
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While the forgoing review of HGHE demonstrations at Firat University proves the systemic
advantages for ground source heating and cooling, it does not provide quantitative guidance on the
capacity of vertically installed DWHEs. Therefor the present paper includes a new comparative
review of experimental and simulated performance of DWHEs. The present aim is to provide
guidelines of the rates of DHWE capacity for heating and cooling. The results could be used to
consider the opportunity at relatively small additional capital expense of activated DWHEs when
foundation walls are installed [2, 33]. This is to complement better understood opportunities to
exploit structural caissons and piles as ground source heat exchangers by including vertical U-tube

pipework [34].

Reviews show that energy piles can exchange between 40 and 120 W/m, normalized as line-
sources, while diaphragm energy walls of tunnels exchange 10 to 50 W/m?2 normalized by area [35].
With regard to passive cooling air via diaphragm walls, peak cooling capacity at ambient 32°C was
reported as 45 W/m? of ground coupling area [36]. Focused on a cooling dominated climate study of
water chiller capacity, thermal pile heat rejection capacity was projected to decrease after 5 years
38-43 W/m, and 35-37 W/m, for two cases [18]. The present review and original research aims to
provide guidance to estimate how much mechanical chiller heat rejection in summer — as well as
heat pump extraction in winter — are sustainably satisfied for a given installation of diaphragm walls,

to complement the capacity of other FHXs that may be conveniently exploited, such as piles.

Application of energy tunnels in urban environments are capable of 73 W/m? heat rejection
[37]. A diaphragm energy wall system considered in another study allowed exchange between 20
and 25 W/m? when ground water is static, that rises up to 40-50 W/m? with suitable underground
water flow [38]. Numerical simulation of diaphragm wall heat transfer rates was confirmed circa 20

W/m? [12]. In retaining wall simulations, 15-20 W/m? heat rejection was reported [39].
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In order to develop a sustainable geoexchange system it is necessary — having established
building heating and cooling demand profile — to estimate how much heat exchanger capacity is
needed to seasonally store heat and coolth. One key performance indicator is heat flux per unit area

(mnxm,) of diaphragm wall — capacity per horizontal width, divided by vertical length of pipe (VLpipe).

Integrating heat exchanger sections (Figure 1) into reinforcement steelwork enables a
concrete diaphragm wall to also function as a DWHE. Diaphragm walls are soil retaining walls for
deep basements and underground tunnels, with the steel-reinforcement “rebar cage” panels
assembled horizontally before tilting with a crane. Installation involves cutting a deep/narrow trench
in the ground and lowering the assembly into the excavated slot, which may be temporarily flooded
with bentonite slurry, before displacement with concrete. DWHE adaptation of rebar cages was used
in construction of a large tertiary building in Barcelona, Spain[1] — demonstrated by GEOTeCH
Project YouTube video [40]. Table 1 notes that vertical pipe depth, including extension below
basement level, has varied among research studies, which compares prorate horizontal meters (mn)

extent of foundation cross sections such as Figure 2.

Figure 2 shows DWHE heat exchanger pipework is cast within a thin layer, relatively close to
the outside of screen wall panels so there is enhanced thermal conduction with the extrados soil.
Regarding DWHE typologies, cast concrete diaphragm walls contain a network of serpentine
pipework that don’t behave as a line-source. DWHE performance is typically normalized by unit of
planar area normal to heat flux but would be better compared per unit horizontal length of

foundation perimeter for particular geometries of embedment below the basement (Table 1).

Publications exploring potential of increasing heat exchange by increasing pipe diameter
have not been found, while most studies have nominated 25 mm outside diameter pipe [3, 12, 14,
35, 37, 41-45]. The present authors suppose larger tubing would require greater investment in
concrete to ensure covering and such would increase pipe-spacing, dictated by the practicalities of

creating 180° bends return bends [41] could diminish performance. Fitting multiple vertical W loops



Manuscript resubmission by E L Peterson & | Shafagh 29 March 2022

of heat exchange tubing are more effective than multiple horizontal switchbacks with a return riser

on the end [41].
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Figure 1. Four-pipe heatpump/chiller with demand-side buffer tanks and hybrid source-side heat
exchangers. The air-cooled mode is not considered in the current paper. Serpentine diaphragm wall
heat exchanger sections are repeated in parallel with common entering and leaving headers. Graphic
courtesy Simon Rees, Professor of Building Energy Systems, University of Leeds.
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Figure 2. Definition of the three boundary surfaces and corresponding time-varying heat fluxes in a
Dynamic Thermal Network (DTN) representation of a diaphragm wall ground heat exchanger.
Reproduced from Shafagh et al. [1] Creative Commons (CC BY 4.0).

Vertical U- and W-tubes cast into a diaphragm retaining wall modules of the Shanghai
Museum of Natural History were initially rejecting over 120 W/m, but soon dropped below 80 W/m,
and decayed to 50 W/m, after 2-days continuous operation [3]. This is equivalent to 67 W/m? if their
stated 750 mm horizonal spacing between the vertical pipe sections of the U-tube were the
diaphragm wall module width. Their test conditions — 0.6 m/s through 20.4 mm internal (nominal
®25 mm with 2.3 mm wall) polythene 100 pipe — are somewhat comparable to the current paper’s
default geometry (last entry in Table 1). It is unclear if their lateral boundary conditions were
periodic — such that performance would be consistent with an infinite series of vertical elements
spaced around the perimeter of a building. The floor plan in their paper[3] scales to indicate a total
perimeter length of about 670 m;, including subway and basement walls, which confers with their

stated n=452 foundation heat exchanger modules if each is 1500 mm wide (1.5 my/n).

There has been a mixture of monitoring and modelling studies of DWHE performance (Table
1). In-situ thermal response testing have been limited a few hours, with a couple of exceptions [38,

46], and so simulations are necessary to resolve inter-seasonal and inter-annual balances [41].
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The vertical area of foundations may be a reasonable common denominator for comparing
DWHE performances — except for complexities of aspect-ratio embedment depth of footings versus
the height of basement walls, and that backfilling is not necessarily to the same elevation on either
side. Consequently, a response factor approach is useful to capture cross sectional geometries
(Figure 2) of the transient heat transfer problem [1, 47, 48]. This reduces subsequent computation

time by orders of magnitude less than bespoke finite element modelling each foundation design.

Results are presented in the results section of this paper for a range of higher and lower soil
conductivities at other European locations as well as Barcelona and Amsterdam. These two locations
are included in Table 1 as median representatives of Mediterranean (Cfb) and oceanic (Csa) climates.
Table 1 normalizes the results of five previously published studies of DWHE capacity by the
horizontal length of each particular cross section. Area of thermally activated diaphragm wall might
not be a better basis for comparison since each case study had a unique aspect ratio of basement
wall to overall activated depth, ranging from 75% to 50%. Additionally, Table 1 illustrates that the
present paper has modelled a design with 45% basement aspect ratio — whereby 55% of the overall

activated diaphragm wall is backfilled on both sides of the building’s perimeter foundation.

The contributions and limitations of the present work are incremental in the context of
others [12, 15, 38, 41, 46], as each study has assumed a unique DWHE geometry. Uniquely the
present work has integrated our DEFAULT DWHE with hourly simulations of building services of a
prototypical multistorey office building floor plan so that one can estimate how many replicated
stories could be sustainably served by geoexchange year after year without ever freezing in winter.
Furthermore the study imposes an upper limit in summer to prevent basement screen walls from

exceeding 37.8°C, while others[38, 41] assumed adiabatic conditions at ventilated surfaces.
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Table 1: Diaphragm retaining wall heat exchanger capacity literature review normalised by meters of width of each module (my)

2
ference beak berformance Woea/mMn ~ Mla/mhn | Evtanded W/m W/mn MJa/mMn | yertical  basement aspect
P performances piping Embedment ratio
3, 14] Xia Initial rate -80 W/m? -2990 -94,000 | After 48 hr -48 -1811 -57,000 51%
Su'n Shang'hai -120 W/m, extrapolated | -72.7 W/m, extrapolated | 37.5m, 18.5m,
[41] Makasis | Balance-7.5/+3.3 W/m?  -150/+67 Balanced *1.9 +39 +1,222 75%
-VS- -VS-
& Narsiliot | Realistic unbalanced -11 Realistic -3-3 -67 -2100 20my 5my
Melbourne | heating| < |cooling| +83 Trax > 45°C 7.5 +150 +4700
-391 -12,000 -9.6 -149 -4,700 61%
[T38] Bar||a T ! extrapolated Summer extrapolated 15.5 my 6 my
orino, Italy | symmer -25.2 W peak/m?
+6.9 +107 +3,400
. . extrapolated
Winter +20.4 Wyear/m? Winter
[15] Sterpi Monitoring winter Average +13.9 +70 +2,200 152 m 5m 67%
Tradate, Italy | performance performance extrapolated B Y
1214diD winter +110 Wpeak/m? +2,200 +69,000 For dry soils, 6to32, 60to 1,300 to 50%
[et a]l ;n;nsniz summer -154 Wpea/m?  -3,100 -97,000 dwat 18 320, 6,700, gw | 10Mv 5my
' Y extrapolated groun water gW 480 15,000
[46] Zannin, 7 kW/gj).\GNm‘,X/Z.S2 mp) 2,800 88,000 Winter +25 +540  +17,000 21.6m,  7.9m, 63%
= eak/ M extrapolate
etal. Geneva peck trepolsted Spring -85 11800  -58,000
Max summer Y%:hour -755 to -24,000 | Safe annual -4to-5 -64to -2,030to- 14.6m 81m 45%
[*] Barcelona -1,256  -34,000 | injection -75 2,372 S mE T
'52 tO '84 Wpeak/mz
[*] Max winter %:hour +248 to +8,000 Safe annual +0.4to +6to +196to
+467 +15,000 | Extraction +0.7 +11 +343

Amsterdam

+17 to +32 Wyea/m?

¥ results tabulated above ignore groundwater, but such significantly improves performance [38, 49].
t [38, 41] assumed basement walls were insulated on the intrados side, without heat transfer to air.
* Range of simulation results of the present paper include heat transfer through basement walls with 0.9 — 2.2 W/(m-K) range of soil conductivities.
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1.3. Integration of source-side network into the design of building services

There is a dynamic balance between the heating-cooling demands of the building, the
capacity of chiller/heat pump plant, and the “source side” system of extracting heat from the ground

in winter and rejecting waste heat to the ground and ambient air during summer.

In the analysis of the thermal demand of the building, there can be a partial satisfaction of
demand with district heating or cooling schemes, or provision of auxiliary on-site plant. There may
be demand-side measures such as Passive-Haus construction standards — but such are not effective
to manage overheating in summer in warm climates. Therefore, it could be necessary to partially

supplement cooling capacity with dry air-coolers or wet cooling towers.

Balancing is necessary to prevent freezing or thermal pollution of the ground —determined
with simulation of annual heat extraction over many winters, each sequentially countered by annual
heat rejection for as many summers. Multi-decadal life-cycle of any proposed heat pump installation
should meet building loads without ever freezing pipework. Also for the present study an upper
guideline for the highest condensing water temperature was adopted to align with human fever
temperature 37.8°C. It could be dangerous if foundation heat exchangers in basement foundation
walls operated frequently above this guideline. There may be consideration of the possibility of
operating above this threshold in un-inhabited foundation walls. Thus a 1°C minimum temperature
of water leaving heat pump evaporator is the primary criteria, while there may be flexibility in the

maximum criteria for the condensing water entering the source-side network.

Annual hourly heating and cooling demand analysis of the building’s demand can readily
identify if geo-exchange balancing would work with a reverse-cycle heat pump serving the whole
demand — or if hybrid sources of heating or cooling are required. So it must be recognized that
different seasonal performance factors (SPF) apply to heat pumping in winter and chiller operation
in summer. The work of vapour compression in a heat pump combines with the heat extracted from

the source-side network towards satisfying the building load with low investment. In contrast, the
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work in chiller operation combines with the building demand to increase the heat-rejection load into
the source-side network. For example, if the heat-pumping SPFy is 4 while cooling SFP. is only 2, then
an entirely geo-exchange balanced installation (extraction=injection) would be achievable if the

annual building heating loads (SPFx-1) equal the annual cooling loads (SPF.+1).

Some imbalances can be mitigated by oversizing the geo-exchange system, confirmed with
long-term simulation to ensure that energy withdrawals and deposits find an equilibrium with excess
heat or cold dissipating to the ambient. It appears that basement foundation diaphragm wall heat
exchangers may provide a reasonable amount of buffering seasonal heating-cooling imbalance when

underground carpark or tunnel ventilation systems are drawing ambient air to maintain air-quality.

Ideally the geo-exchange source-side network of foundation heat exchangers, thermal piles,
and/or U-tubes in boreholes serves the annual demand for heat extraction, balanced by a
comparable annual demand of heat rejection. It is important to note that by oversizing either the
heat pump or chiller, then the overall seasonal performance is diminished. For the present study we
have assumed that reverse-cycle heat pump/chiller equipment would be chosen based on the
greater of the two building loads, with priority to charge the heating water accumulator before
charging the chilled water accumulator. Generally superior seasonal performance would be
expected if separate dedicated heat pumps and chiller were installed to specifically serve these

building loads, which often are presented simultaneously.

In this case, the geo-exchange heat pump system supplies all the heating demand but only
part of the cooling demand while air-source systems provide the remainder. The additional cooling
demand may be met by installation of an additional heating, ventilation, and air conditioning system
(HVAC) with rooftop air-coolers. Figure 1 illustrates reverse-cycle plant packaging, while Figure 3
illustrates how the operational components were represented in the course of the simulation

methodology, with separate chiller and heat pump each able to simultaneously meet demands.
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2. Methods

The analysis is based on validated DWHE installation in the Mediterranean climate of
Barcelona, Spain[40, 47]. These walls are in contact with 1.6 W/m-K soil while inside are two levels of
underground carparking with mechanical exhaust systems to maintain ambient air quality. For the
current simulation study, it was assumed heat exchange pipework is included within basement
retaining walls, and that these pipes also extend deep into foundation footings. Consequently, the
default geometry provides for only 55% of diaphragm wall heat exchanger pipework below the
basement floor (6.5 m,/14.6 m,). Another 45% (8.1 m,/ 14.6 m,) continues up to outdoor ground
level with the retaining wall portion of the diaphragm walls. The advantage of the default geometry
is that nearly half of vertical pipe length is in close contact with damp basement air that closely

approaches outdoor ambient wet-bulb conditions.

FHX capacity must consider both heating and cooling conditions, and peak heat transfer and
long-term demand, by undertaking a transient analysis of the assumed geoexchange schematic

(Figure 3), using TRNSYS 17 Simulation Studio, TESS Libraries, and Rees’ FHX dynamic module [1, 50].
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Figure 3. Geoexchange system, with building demand-side on the left of heat-pump and chiller, and
source-side confluence of water circuits through the heat pump evaporator and chiller condenser.
Reject streams of heat-pump and chiller may run alternatively or blended simultaneously at
“mixSSN”. Source-side allows hybrid control with air-source DryCooler - not considered at present.

In the present study 20 years of flow of heat fluxes throughout the geoexchange system are
simulated, using IWEC weather data [51] from nine European cities with the same building floor
plan. System performance in each case with n=1, 2, --- ,40 FHX modules were incrementally assessed
to determine the minimum number of the DWHE type that would be necessary to sustainably

maintain foundations between 1° and 37.8°C.

The model allows for hybrid air-cooled geoexchange system, but in the present paper all
flow is fixed through ground FHX circuits rather than the Air Cooler (Figure 3). Red pipework on the
demand-side represents hydronic heating water leaving the heat pump condenser and passing
through the top of the stratified 1-Hot-2 accumulator to the building load. Blue pipework on the
demand-side represents chilled water leaving the chiller evaporator and passing through the bottom
of the stratified 1-Cold-2 accumulator to be delivered to the building Loads. Blue pipework on the
source-side denotes water leaving the heat pump evaporator. Red pipework on the source-side
denotes water leaving the chiller condenser. Purple pipework represents the source-side blend of
condensing water from the chiller and evaporator water from the heat pump. The source-side
pipework adopts a green colour after treatment in the DryCooler (air-source) or the FHX (ground-
source) and is returned to the Chiller condenser or Heat Pump evaporator. Note air-source cooling
via the DryCooler is not considered in the present paper but is readily simulated with these methods

by various possible control schemes.

The grounded FHX component was developed at the University of Leeds [50] for TRNSYS, the
Transient System simulation studio developed by the University of Wisconsin [52]. This module
(denoted Type 5100) has been integrated into the building heating and cooling model that has been

developed in the present work (Figure 3). Regardless of the selection of either U-tube, thermal pile,
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and/or diaphragm wall heat exchangers, appropriate dynamic thermal networks (DTNs) could be
developed to represent time-dependent heat fluxes between three boundaries (i.e. —indoor,
basement, outdoor — or — heat exchanger, basement, ground surface) temperatures by
superposition of unit step changes at each node, adjusted by weighting functions — with results
calculated two orders of magnitude faster than a full three dimensional model [53-55]. Rees’ FHX
module [50] employs such a DTN to represent diaphragm walls heat exchangers [56], and could be
adapted to represent energy piles. In this approach, the g-function, Tp-Tg +q(t)/2rks, is calculated
with finite difference models with results tabulated for various geometries and characteristic times
to be used in operational simulations [57, 58]. The concept of g-function is employed in DTN
methods to simplify the computation of the complex interactions occurring between the heat
transfer areas of a ground source system. The g-function is a transfer function linking the total
ground heat exchange rate and the average heat exchanger wall temperature [59]. By convolving a
time varying heat load signal with the g-function, the evolution of heat exchanger fluid temperature
can be predicted [60]. DTN models of pipe buried into soil backfilled against basement walls proved
numerically efficient for modelling complex residential gecometries [61]. DTN models of FHXs of the
diaphragm wall geometry with pipework cast in concrete together with structural steel
reinforcement of footings (our prototype DWHE) was validated in a multi-storey commercial

development [1, 47], and have been applied in previous works [56, 62].

The design of ground-source heat exchange systems to minimise life-cycle cost is complex
and would be best achieved through a process of system simulation. In this project we have
implemented a model of a diaphragm wall heat exchanger in the TRNSYS simulation environment to
enable the optimal performance to be studied. This type of modelling seeks to represent individual
components of the heating and cooling systems by their interconnections as illustrated in Figure 3,
except that controls and output reporting have been supressed so the reader may better
comprehend the major plant and pipework. Stratified chilled and hot water buffer tanks have been

included to avoid short cycling of either the chiller or heat pump [63].
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2.1. Method of control of geoexchange system as assumed during simulations

Many control strategies have been suggested for controlling geoexchange heat pumps
systems. Geoexchange systems ideally should be include rudimentary artificial intelligence that
forecast the seasonal impact of cyclic heat extractions and reinjections[29]. There are a wide variety
of such control and modelling methods to potentially improve the inter-seasonal performance of
ground coupled heat pump systems, such as vector and neural networks [11, 26], adaptive neuro-
fuzzy interface [28], statistical weighting [29], fuzzy logic [30]. Such are beyond the scope of the
present investigation, which employs simple reactive controls in response to intermittent demand of

building services (Figure 3).

The following discussion assumes that building heating and cooling loads are delivered by
hydronic hot and chilled water systems driven by two-stage heat pump/chillers with pumped water
circuits on both the evaporator and condenser sides of vapour-compression equipment. We assume
that chilled water is pumped from the bottom of cold buffer tank that is reactively recharged by a
dedicated chiller. Similarly, we assume that hydronic heating water is pumped from the top of a hot
buffer tank that is reactively charged by a dedicated heat pump. The nominal temperature rise on
all water circuits are assumed to be 6-degree (Kelvin) delta-T, except this figure has been adjusted to

maintain a constant 0.75 m/s water velocity through the foundation heat exchanger circuits.

This section outlines conventional control systems that were modelled in the process of
designing foundation heat exchangers to match the heating and cooling loads of a prototypical office
building in eight European cities. Four locations were heating-dominated while the other four were
cooling-dominated. Heating and cooling loads to the building were modelled with separate hydronic
hot and chilled water circuits pumped at a constant flow with a 6 Kelvin delta-T from dedicated
stratified accumulator tanks sized with one-hour of capacity at design load. Design loads were taken
as the 99.6% percentile of 8760 hours per year of simulated building demand for heating and

cooling. This approach was aspiring for “right sizing” to achieve better energy performance during
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typical operational hours of part load. Conventional reverse cycle heat pump/chiller operation was
imposed by up-specifying the smaller of design heating and cooling capacities to equal the other and
to interlock performance so that heating is satisfied before cooling. This assumption would not be

necessary if separate dedicated heat pumps and chillers shared a common source-side network.

Chilled water supply to the building rises from the bottom of the cold accumulator tank
(nominally 6 °C, blue pipework in Figure 3), while water returns to the chiller’s evaporator via the top
of the accumulator tank is illustrated 1-Cold-2 (nominally 12°C, green pipework in Figure 3). The first
stage of chiller operation is enabled when temperature at the top of the tank rises above 6%:°C, and
continues until the temperature at the top of the tank sinks to 5%°C. The second stage of chiller
operation is enabled when the temperature at the top of the tank rises above 7%°C and continues

until it sinks back to 6%:°C.

Hydronic hot water supply to the building comes from the top of the hot accumulator tank
(nominally 35 °C, red pipework in Figure 3), while water returns to the heat pump’s condenser via
the bottom of the hot accumulator tank is illustrated 1-Hot-2 (nominally 29°C, orange pipes in Figure
3). The first stage of heat pump operation is triggered when temperature at the bottom of the hot
water tank sinks below 34%°C, and continues until the temperature at the bottom of the hot water
tank rises above 35%°C. The second stage of heat pump operation is triggered when temperature at

the bottom of the hot water tank falls below 33%°C and continues until it returns above 34%°C.

The source-side of a geoexchange system heat pump’s evaporator pump must not drop
below 1°C, and may join a confluence “Y” fitting from a chiller’s condenser pump . These two
streams switch (or they may blend concurrently) to enter the source-side network (SSN) upstream of
treatment are colour coded as purple pipework, while green pipework denotes water that has been

charged with warmth or coolth, to return to chiller condenser and/or the heat pump evaporator.

In order to control foundation heat exchanger circuit velocities, it is necessary to adjust

above or below the condensing-water rise that would be conventional practice in selecting air-
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coolers for the source-side. A fixed ratio was found to hold constantly in proportion to the greater of
the heat pump and chiller demand-side capacities, Qc.p and inversely proportional to the product of

three factors: cross-sectional area of each pipe, %ngin?, velocity vere. and number of circuits neux.

298.93%XQcap

T
.2 . .
2 X%in" XVcircXNcirc

ATSSN = (1)

As the heat pump and chiller are assumed to be a unitary package in the present study,
there would be only one pump on the source-side network. Thus, the evaporator and condenser
pumps were fixed to be equal sized, and operated in turns — resulting in a few unmet hours of
service. Here, we focused on optimizing the use of foundation heat exchangers, the single source-
side network pump has been modelled with a single speed of full-power operation to maintain
foundation heat exchanger velocity v at 0.75 m/s whenever either stage of either heating or
cooling were called to recharge the hydronic hot water or chilled water accumulators on the

demand-side.

2.2. DWHE dynamic thermal network files

A DTN model of a DWHE module [47,61] was employed to create the collection of time-
dependent heat fluxes required in the Type 5100 module implemented in TRNSYS. The parameters
used in the model to create the DTN files are detailed in Table 2. It was found necessary to increase
the thermal conductivity of concrete to account for steel reinforcement as well as the conductivity of
soil due to constant immersion in groundwater (~5 m, below ground surface) [47,61]. Although the
DTN DWHE model is based on vertical arrangement of pipes in the diaphragm wall, it has been
shown to provide accurate data for both vertical and horizontal pipe layout. For horizontal pipe
arrangement recalculation of pipe spacing and depth based on the wall size and number of loops is
required. Five DTN files were created to match the DEFAULT geometry of the present paper, in
accordance with five variations of soil — very low conductivity (0.9 W/m-K), moderately low

conductivity (1.25 W/m-K), normal soil conductivity (1.6 W/m-K), moderately high conductivity (1.9
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W/m-K), and very high conductivity (2.2 W/m-K), — while other properties are summarized in Table 2.
Unless otherwise noted, 1.6 W/m-K soil conductivity is assumed in the present research, as was

determined in the validation study [1, 47].

Table 2. DTN model of a DWHE module — parameters used for the DEFAULT geometry.

Property Value Unit
Thicknesswall 0.60 mn
Cover 70 mmp
Depthyai 17 my
Thicknesspasementslab 1.2 my
kconcrete+ 2.25 W/mK T
capacityconcrete 3.5 MJ/m3K
PipeSpacing 0.40 mp *
pipe, Bout 25 mm *$
Depthbasement 6.5 my
Depthpipe 14.6 m, *
Keround(nominal ¥) 1.6 W/m-K
capacityground 1.6 MJ/m3K

*PipeSpacing, outside diameter @out, and Depthpipe match TRNSYS Type 5100 (Table 4).

§ Pipe inner diameter @in=0.81875 x @out, according to DIN 16893 PE-Xa series 5 [64].

T Validation study confirmed the high end of material sample test results (1.9 to 2.5 W/m-K) [1, 47]
fAlso very low, moderately low, moderately high, and very high variations of kground.

The DTN model of a DWHE module (Table 2) was validated against data from walls where
the main heat transfer area of the wall was located below the basement level where the pipe loops
were accumulated as show in Figure 4. Their depth of active pipe coil below basement was 8.1 m,
(Depthpipe - Depthpasement), While DEFAULT geometry (Figure 5) would have more active heat
exchanger cast into the available diaphragm walls, “pipe depth from the ground”. Since the DEFAULT
geometry pipe depth below basement is also 8.1 m, , the 6.5 m, height of two levels of basement
retaining walls increases the vertical length of active pipe, V0pipe = 14.6 m. Thus 45% of active

foundation heat exchanger coils are cast into retaining walls in contact with air.

This airspace represents two levels of underground car parking with pollutant exhaust
extraction system acting as a hybrid air-source system without the capital expense of cooling towers.
Consequently, the DEFAULT geometry can partially provide passive hybrid air-source cooling. The
DEFAULT diaphragm wall heat exchanger geometry has been assumed throughout this research with

14.6 m, VL0ipe casting 6 verticals per FHX circuit, with pipe spacing of 40 cm (Table 4 inputs) —
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consequently each diaphragm wall module is 2.4 m, wide and has an active area of 35 m? of which

15.6 m?is earth retaining wall above the lowest basement floor level.

~ Ground Floor

Ground

Diaphragm Wall

Basement

Basement

Pipe Depth

Wall Depth

Heat Exchanger Pipes

>~ =
Pipe Spacing

Front View Side View

Figure 4. Diaphragm wall heat exchanger with pipes fitted below the basement level [65].
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Figure 5. Pipe depth from the ground surface (DEFAULT) diaphragm wall heat exchanger [65] .
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In summary, ground and concrete material properties from the foundation heat exchanger
validation study [1, 47] were applied in our DEFAULT diaphragm wall heat exchanger — except
different DTN files were required to distinguish the three-dimensional convolutions of thermal
resistance underground. The assumed foundation heat exchanger geometry was then consistently
applied in various European climates and soil properties with the assumed prototypical office

building loads.

2.3. Prototypical Office Building Loads

Hourly heating and cooling loads of one floor of a 900m? open-plan office building with
north, east, south, west, and core zones were modelled separately in various climates. The typical
floor plan was 30 my x 30 my, which was assessed for simultaneous heating and cooling as required
to maintain productive work environment given a weather file. Available foundation diaphragm wall
length 120 my = 4 fagades x 30 my, so fifty is the maximum number of DEFAULT geometry (2.4 my

wide) DWHE modules that can be activated therein (n=50).

Annual 17,500 half-hourly loads for air-conditioning, heating, and service hot water were simulated
on the basis of IWEC [51] climate data at nine locations: Barcelona, Paris, Amsterdam, Madrid,
Athens, Nancy, Helsinki, Rome, and London. This was done in IESVE software. Note these loads
exclude heat exchange between adjoining levels above and below. Consequently, the ground floor
and the highest level require additional heat and cooling capacity. Figure 7 compares the building’s
partial-loading of heating and cooling at the 3 Mediterranean and 3 Oceanic sites. This is referred to
as the ‘prototypical’ office building in this paper. One can multiply the loads depending on the
number of floors. It transpired that the winter heating loads from Helsinki were so extreme that the
ground source heat exchange system would freeze, and so it is suggested that Passive-Haus
construction standards could reduce envelope R-values and ventilation air energy recovery, but such

was beyond the scope of the current research. Feasible results became available (Table 3) for eight
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load profiles (per floor), half moderately cool climates with Oceanic influences and half warmer

climates with Mediterranean influences.

-+ Capacity for upper floors

could be provided with air-
cooled chillers and/or
condensing water coolers.

Upper floors depend on air-

source heatpump chillers. 1 or 2 floors could be
served entirely by
Hybrid air-/ground-source { } ground-source FHX.

systems could increase
number of floors served.

AN NN\

FHX within basement

~—" NN/ N retaining walls and
underlying foundation.

Figure 6: Prototypical office building. Two levels of underground carpark (brown) diaphragm wall
foundation heat exchangers (FHX) are assumed. Above ground level (green) denotes replicated
office floors which might be served by reverse-cycle ground-source heat pumps served by the
limited FHX availability. Higher levels (blue) denote additional office levels which would require
hybrid air-coolers to supplement FHXs, district cooling, or rooftop air-cooled chillers.
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Table 3. Prototypical Office heating and cooling loads per floor (900 m?), warm Mediterranean (Csa)
above double line, cool Oceanic (Cfb), and cold humid continental climate (Dfb) below triple line.

location cool chiller load heat Heatpump Iload Nominal count
(GJ,) kw factor (GJ,) kW factor DWHE/floor
Madrid o, o =
(Csa>Bsk) 154 56 9% 22 11 1% n=25
Barcelona 7, 56 10% 33 6 2% n=27
(Csa)
Rome 186 61 10% 34 7 2% n=230
(Csa)
Athens 212 64 10% 33 7 2% n=29
(Csa)
Amsterdam o o -
(Cfb) 78 39 6% 52 24 4% n=23
London 71 29 8% 50 24 6% n=19
(Cfb) ° ° N
Paris o o -
(Cib) 99 39 8% 54 26 4% n=21
Nancy o o -
(Cfb>Dfb) 92 38 8% 59 31 5% n =40
Helsinki o o *
(Dib) 59 36 4% 134 49 9%

* n > 40 needed in Helsinki, but only if glycol concentration is sufficient for -7.5 °C

DEFAULT DWHE modules are 2.4 m, wide. Nominal soil conductivity 1.6 W/m-K.

Table 4. TRNSYS Type 5100 diaphragm wall FHX

Model parameters

dimensions

nominal value

Pipe inner diameter, @i,
Pipe outer diameter, @out
Pipe thermal conductivity
Pipe horizontal spacing
Pipe vertical length
Number of circuits, n
Pipe sections per circuit
Circuit length

Fluid conductivity

Fluid specific heat

Fluid density

Fluid viscosity MU
Shading factor
Initialization temperature
DTN data unit number
Heat exchanger type

mm [0.0;+Inf]
mm [0.0;+Inf]
W/m.K [0.0;+Inf]
mMp [0.0;+Inf]

m, [0.0;+Inf]

- [1;+Inf]

- [1;+Inf]

M, [0.0;+Inf]
W/m.K [0.0;+Inf]
J/kg.K [0.0;+Inf]
kg/m”3 [0.0;+Inf]
Pa-s [0.0;+Inf]

- [0;+Inf]

C [-Inf;+Inf]

any [0;+Inf]

1 =wall, 2 = pile

20.5

25

0.39

0.4

14.6
1,2,3,...,40
6

87.6
0.625
4178
994
0.000715
0

20

1

1
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Mediterranean building heating and cooling loads hours@ 3% 7% 10% 13% 17% 20% 23% 27% 30%
33% 37% 40% 43% 47% 50% 53% 57% 60% 63% 67% 70% 73% 77% 80% 83% 87% 90% 93% 97%
100% relative to chiller capacity

2200 Mediterranean building heating and cooling loads hours@ 3% 7% 10% 13% 17% 20% 23% 27% 30% 33% 37%
40% 43% 47% 50% 53% 57% 60% 63% 67% 70% 73% 77% 80% 83% 87% 90% 93% 97% 100% relative to
2000 chiller capacity
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Oceanic building heating and cooling loads hours@ 3% 7% 10% 13% 17% 20% 23% 27% 30% 33%
37% 40% 43% 47% 50% 53% 57% 60% 63% 67% 70% 73% 77% 80% 83% 87% 90% 93% 97% 100%
relative to heat-pump capacity

2200 Oceanic building heating and cooling loads hours@ 3% 7% 10% 13% 17% 20% 23% 27% 30% 33% 37% 40%
43% 47 % 50% 53% 57 % 60% 63% 67% 70% 73% 77% B0% B83% 87% 90% 93% 97% 100% relative to heat-
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Figure 7. Part-load histograms from Mediterranean sites (upper pane) and Oceanic sites (lower
pane) for the same prototypical office building floorplan. The range of heat-pump/chiller capacity
was divided into 30 bins plotted across the horizontal axis. Frequency of hourly part-load
occurrences is plotted in the vertical axis, where blue denotes cooling and orange denotes heating.
The insets have vertical scale zoomed to 100 hours per annum, to resolve high loading. Boxes span
between minimum and maximum, circles contain median, and crosses mark average of 3 values.
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2.4. Integrating Type 5100 FHX with established TRNSYS objects

Simulation of foundation heat exchangers with TRNSYS 17 depended on the development of
the Type 5100 module and the library of DTN files produced. The current research used Thermal
Energy System Specialists (TESS) Libraries for many other system modules. TRNSYS Type 5100
diaphragm wall foundation heat exchanger nominal values must be initiated for all the parameter
values (Table 4). Energy outputs from the type 5100 module are expressed in units of Watts and
mass flow in kg per second, and so the user should multiply by 3.6 to convert into standard TRNSYS
components with units of kJ/hour and kg/hour. Such operations may be made in the graphical
simulation studio using calculator icons, or in command-line parametric studies within scripted
deckfiles. Equations presented in this paper are used in the governing deckfile developed for this

research.

Both the chilled water and hydronic hot water accumulator tanks serving building loads
were sized to provide one hour of building demand with a delta-T of 6 degrees Kelvin. TESS Type 534

Stratified cylindrical storage tanks were used denoted in Figure 3 as 1-Cold-2 and 1-Hot-2.

WaterFurness™ performance data included with TESS libraries were the assumed
performance data for Type 1221 water-water reverse cycle heat pump/chiller. Type 1221 is
provided in TESS libraries as generic water-to-water 2-stage heat pump. Type 1221 is based upon

WaterFurnace model EW540 catalogue normalization at 32°C source and 10°C load both 8.5 L/s.

Two separate type 1221 units were modelled concurrently — one as a dedicated chiller; and
the other as a dedicated heat pump serving hydronic and service hot water to meet building loads.
They were interlocked so that the hydronic hot water accumulator tank was satisfied by the heat-
pump before the chiller was responsive to calls to charge the chilled water accumulator tank. The
greater of either the chiller or heat-pump kW capacity (Table 3) was applied equally to both type
1221 units as Qcap™*, Which is multiplied by 3600 to express the heat pump and chiller capacity in

kJ/hr Que and Qcn. Based on WaterFurness™ EW540 data referred to by the TESS Library,
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Qup,part/ Qe part, the partial capacity of the heat-pump/chiller is 50/52.5% respectively for
heating/cooling modes. Similarly, Enp part/Eciipart, the partial electricity demand of the heat-
pump/chiller is 51/51.4% respectively for heating/cooling modes. COP of the WaterFurness is 4, so
Ewr and Ecy were fixed the full electricity demand to be each one quarter of the respective heating
and cooling capacity of the water/water package. Source-side pumping demand was accounted for
to calculate SPF,, assuming that Egvap / Econd pump motor capacity is 1% of the specified plant
heating/cooling capacity of the heat-pump/chiller, Qup/Qch [kJ/h]. The mass flow rates [kg/h] were

calculated from the heat fluxes [kJ/h] according to equations 2-7:

. . . QHP art
Partial hot water production, m = P 2
| W p ucti HW ,part CpATnom (2)
Full hot water production, Myw = Qup (3)
CoATrom
Partial chilled water production, Mew part = Qcrpart (4)
P CpATnom
Full chilled water production, Mew = Qcn C.AT (5)
p2inom
, +E.;)
Condenser flow t d-source, = Qe + Een / 6
ondenser flow to ground-source Meond CpATrix (6)
) : _ (Qup — Enp)
Evaporator flow to ground-source, Mevap Co ATy (7)
p

Supply-return thermal energy delivery depends on a temperature difference (AT). For
demand-side circulation of chilled water and hydronic heating, as well as air-source condensing
water the nominal delta-T (ATnom) Was set to 6 Kelvin. Hydronic hot water buffer tank charged to

35°C, returning 29°C at full load. Chilled water buffer tank charged to 6°C, returning 12°C at full load.

Source-side delta-T (ATrux) cannot be assumed to operate at such a constant differential.
Ground-source foundation heat exchanger flow of either evaporator or condenser water the actual

source-side delta-T (ATenx) generally needs to be varied from the nominal 6 Kelvin rule-of-thumb.
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Variable ATenx proved necessary in order to regulate heat exchanger circuit flow at veire = 0.75 m/s.
This is necessary to assure a consistent Reynolds number to achieve a balance of reasonable heat

transfer without excessive head loss.

The forgoing imposed the form of equation 1 ATssy at the start of section 2.1. Consequently,
the chiller condensing water pump must be variable speed driven at two speeds — partial and full -
as the Type 1221 chillers/heat-pump requires such. So, a linear power demand is proportional to
Gamma control signal that is either O, partial, or 1. Following on, the source-side network pumping
requirement for ground-source and air-source, and meux is what pump size will accommodate both,
is established as the greater of meyap, and Mmcono. Qssn, SOurce-side network load expressed in kW

load is from the heat-pump/chiller capacity and electric demand that was given in units of kJ/hr:

Qssn = (Qeap™ - Enp/[3600 s/hr] + Qeap™ + Ecn/[3600 s/hrl) (8)

Qssn® = maximum{[ (Qup - Enp) , (Qcn + Ech) | (9)

The asterisk in Qsn™* denotes the source-side network design capacity for a unitary reverse-
cycle heat-pump/chiller in units of ki/hr. A 1% guideline for estimating pump motor Ess, sizing in the

units of ki/hr (required for TRNSYS) was applied, based on source-side-network duty.

Essn = stn* x 1% x (ATnom /AT) (10)

3. Results

3.1. Individual simulations

Each of the tabulated recommendations depended on a sequence of 40 simulation —
incrementing the number of FHX modules from one to 40 — for each specified combination of
climate data, heat/cool load profile, and soil conductivity. Thereby the lowest number n of FHX
modules that achieved an acceptable solution in 20 years of hourly simulations are reported here.

The most important criteria is to never experience evaporator water temperature within one degree
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above zero, in addition to ensuring that condensing water temperature never exceeded 37.8°C

(human fever temperature).

Table 5 shows the results of only two of 40 simulations that were provided to establish the
threshold of acceptable operation for nominal soil conductivity (1.6 W/m-K), and another two of 40
simulations that were necessary in order to establish the summary for the next lower tier of soil
conductivity (1.25 W/m-K). The moderate reduction of soil conductivity results in rising condensing
temperature rise to a maximum of 47.8°C with n=21 FHX modules. In case of moderately reduced
soil conductivity for the given building loads in Barcelona, then n=27 circuits that would be required

to prevent exceedance of 37.8°C maximum during 20 years of operation as a geoexchange system.

Figure 8 illustrates the nominal soil conductivity case with the full recommendation of n=27
(frux=100%), compared the impact of having only n=18 FHX circuits (frux=67%). The third bar in either
of the two panes of Figure 8 represents comparable energy recovery within the source-side network
in the process of blending water leaving the chiller condensing and heat pump evaporator. Since
these simulations assume continuous geoexchange operation, there is no fan energy nor heat
rejection through air-coolers. Consequently (black bars), the source side is entirely ground-source
provided by pumping energy, and there is no air-source nor fan energy demand — which would be
denoted with golden coloured bars in case hybrid air-source operations had been simulated. Useful
heat-pump compressor work makes a small contribution to the building heating load denoted by red
bar below the black in the right most column of either case. The blue and red bars in the third
column of either case demonstrates the substantial contribution of energy recovery within the
source-side network by blending the exhaust of heatpump evaporator and the chiller condenser
during shoulder seasons of the year — when the building is demanding both heating and cooling

simultaneously.
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Table 5: Barcelona DEFAULT FHX performance degradation with variation of the fraction (fenx) of the nominated number (n=27) of foundation heat
exchangers (FHX). Upper two rows compare nominal soil conductivity with lower two rows moderately reduced soil conductivity (22% lower than nominal).

SSN SSN
n=27 bidecadal min max SSN pump pump Heat unmet
FHX perimeter frux  AT/20y evap. cond. design ATeax kW work pump Chiller SPF,  hours/year
nominal soil conductivity (1.6 W/m-K)
n=27 65 mn 100% -0.9°C 84°C 37.3°C 6.7kg/ls 25°C 1.67 11aGJ 12aGJ 42aGJ 3.66 84
n=18 43 mn 67% -0.5°C  7.6°C 47.1°C  4.4kg/s 3.8°C 1.11 8aGJ 12aGJ 45a.GJ 3.69 96
moderately reduced soil conductivity (1.25 W/m-K)
n=32% 77 mn 119% -0.9°C 9.6°C 37.6°C 7.9kg/s 21°C 1.98 14 a.GJ 12a.GJ 42aGJ 3.52 85
n=21% 50 mn 78% -0.4°C 9.2°C 47.8°C 5.2kg/s 3.2°C 1.30 9a.GJ 12a.GJ 46a.GJ 3.59 91

Daggers T are cases where the design criteria were fixed at 37.8 °C maximum condensing water. Double daggers ¥ condensing guideline raised to 47.8 °C.
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27 n=18
Electric H-Cloads transfer source side Electric H-Cloads transfer source side
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Figure 8. Barcelona example annual average simulation results with continuous heat injection and/or heat extraction through FHX circuits. Nominal soil
conductivity (1.6 W/m-K). These plots present simulated annual energy metering without any air-cooling, entirely geo-exchange operation for 20 years.
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3.2. Summary tables

Nominal results are in the right-most column of Table 3, where “Nominal FHX/floor” is the
minimum number n of default geometry DWHEs. This was the simulation case that was found to
serve 20 years without condensing water ever exceeding 37.8 °C, nor evaporator water descending
below 1 °C. Since the perimeter length of the prototypical building plan accommodates up to n=50
parallel modules of the FHX, that divided by “Nominal FHX/floor” answers the question of how many
stories can be served by geoexchange. Thus, perhaps three stories could be served in London, two
stories in Madrid, Barcelona, Amsterdam and Paris, but only one story in Rome, Athens and Nancy.

A more detailed approach is given in the discussion.

Repeated simulations were required to increment from n=1 to n=40 FHX circuits until a
satisfactory solution was found and then only those results are reported herein. Peak and annual
heat flux injection and extraction into/from the default diaphragm wall geometry for the
prototypical building loads just inside the safe operating criteria are presented in Tables 5 for
nominal soil conductivity. Sensitivity of results with respect to soil conductivity in presented in Table

7 (Mediterranean influenced climate) and Table 8 (Oceanic influenced climate).

Tables 7 and 8 summarise DWHE potential for a prototypical office building in four warm
and four colder climate locations, each with a range of different values of ground thermal
conductivity. All assumed non-hybrid operation, without ever diverting flow through an air-cooler.

The pipe spacing is 400mm, pipe size 25mm and active length 14.6m.

The limiting criteria in warm continental Madrid as well as Mediterranean Barcelona, Rome
and Athens is to establish allowable heat rejection (highlighted in red) to prevent condensing water
temperatures from exceeding 37.8 °C, therefor there is undetermined scope to increase heat
extraction during winter unless measures are taken to reduce cooling load in summer. The limiting
design criteria in cool oceanic Amsterdam, London, and Paris, and continental-influenced Nancy-

Strasbourg is to establish allowable heat rejection (highlighted in blue) to prevent evaporator water
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temperatures from falling below 1 °C, therefor there is undetermined scope to increase heat
rejection during summer unless measures are taken to reduce heating load in winter. DWHE heat
exchange potential for a prototypical office building in different locations. Here, the pipe spacing is

400mm, pipe size 25mm and active length 14.6m.

Table 6. Non-hybrid operation, entirely ground-source without any air-coolers or cooling towers.
Ground thermal conductivity is 1.6 W/m-K. T and * denote locations with continental influences.

Performance per unit horizontal Performance 25 mm Qo circuitry cast
Non-Hybrid perimeter length of DEFAULT within DEFAULT foundation
foundation diaphragm wall diaphragm wall per unit pipe length
(45% basement aspect ratio (45% basement aspect ratio
heat extraction heat rejection heat extraction heat rejection
peak | annual peak annual peak annual peak annual
Location W/mn | MJ/mn W/mn MJ/mn W/mjp MJ/mp W/mp MJ/mp
Madrid T 581 63 1226 2937 16 2 34 80
Barcelona 549 25 1078 2999 15 1 30 82
Rome 537 35 1056 2863 15 1 29 78
Athens 584 27 1129 3421 16 1 31 94
Amsterdam 459 333 918 1362 13 9 25 37
London 395 377 808 1479 11 10 22 41
Paris 489 390 956 1994 13 11 26 55
Nancy * 249 242 510 951 7 7 14 26
flux/unit area  Divide the above by 14.6 my VLpipe Divide the above by 0.4 mn pipe spacing

The resulting heat rejection (MJ/m or MJ/m?) per annum is primarily driven by climate and
higher values correspond to locations with warmer Mediterranean climates. Conversely, higher
annual heat extraction capacities correspond with cooler Oceanic climates. Geographic trends are
not as strongly differentiated among peak heat transfer rates (W/mp or W/m,) as these represent

the peak rate at one particular time of the year.
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Table 7. DWHE potential for prototypical office building in warm climate locations. The limiting
criteria was to establish allowable heat rejection to prevent condensing water temperatures from
exceeding 37.8 °C, therefor there is undetermined scope to increase heat extraction during winter.

Performance per unit horizontal | Performance 25 mm G, circuitry cast
T 2 o perimeter length of DEFAULT within DEFAULT foundation
g % § ™ foundation diaphragm wall diaphragm wall per unit pipe length
< g -é § '-% (45% basement aspect ratio) (45% basement aspect ratio)
"5 } S E <Er_ heat extraction heat rejection heat extraction heat rejection
LI
W/m.K 'g g peak annual | peak annual peak annual | peak annual
e Wimn  MJ/mn | Wimn MJ/mn W/mp MJ/mp | W/mp  MJ/mp
0.9 n=40 | 307 31 730 1840 8 1 20 50
: 1.25 n=31 | 438 47 1022 2365 12 1 28 65
5 16 n=25 | 584 63 1226 2935 16 2 34 80
§ 1.9 n=22 | 686 77 1402 3343 19 2 38 92
2.2 n=22 | 686 79 1416 3343 19 2 39 92
0.9 n=40 | 312 9 755 2030 9 0 21 56
g 1.25 n=32 | 439 16 919 2531 12 0 25 69
§ 1.6 n=27 | 549 25 1078 2999 15 1 30 82
g 1.9 n=24 | 638 32 1227 3374 17 1 34 92
2.2 n=24 | 636 35 1226 3372 17 1 34 92
0.9 n=36 | 423 25 876 2380 12 1 24 65
o 125
g 1.6 n=30 | 540 35 1051 2862 15 1 29 78
c 19
2.2 n=27 | 613 42 1197 3183 17 1 33 87
0.9 n=40 | 357 12 793 2494 10 0 22 68
@ 1.25 n=35 | 462 19 911 2833 13 1 25 78
2 16 n=29 | 584 27 1129 3421 16 1 31 94
< 19 n=26| 676 34 1273 3811 19 1 35 104
2.2 n=26 | 674 36 1273 3805 18 1 35 104
flux/unit area: Divide the above by 14.6 my VLpipe Divide the above by 0.4 mn spacing

Mediterranean heat saturation (Table 7) highlights the significance of ground thermal
conductivity as a design parameter and the importance of having a good estimate of its value at a
project site. Bear in mind that presence of groundwater near the foundation tends to increase the
thermal conductivity. Variations in the predicted heat transfer rates at three Oceanic locations and a
range of five values of ground thermal conductivity (Table 8), are sub-optimal above and below the

nominal 1.6 W/m-K. The general trend is that increasing values of ground thermal conductivity
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improve performance. However, results for the highest values (2.2 W/m-K) show that increased
interaction with the adjacent ground surface can limit the maximum performance. In the case of
Oceanic climates (Table 8), high soil conductivity can lead to unacceptably low fluid temperatures,

the heat exchange must be limited, especially in continentally influenced Nancy.

Table 8. DWHE potential for prototypical office building in four cool climate locations. The limiting
criteria was to establish allowable heat rejection to prevent evaporator water temperatures from
falling below 1 °C, therefor there is undetermined scope to increase heat rejection during summer.

o Performance per unit horizontal _ Performance 25 mm Gou
52 | & | perimeterlength of DEFAULT | Cireuitry castwithin DEFAULT
£ E ,3 § foundation diaphragm wall foundatlo:? dllaphragm wall per
c g S T ;; _ unit pipe length
'% % g ‘% §,: (45% basement aspect ratio) (45% basement aspect ratio)
S @ g % heat extraction heat rejection heat extraction heat rejection
W/m.K g g peak annual | peak annual | peak annual | peak annual
Z W/mn  MJ/mn | Wimh  MJI/mn | Wimp MJI/mp | Wimp  MJ/mp
£ 0.9 n=36 | 248 196 599 861 7 5 16 24
8 1.25 n=23 | 438 324 920 1358 12 9 25 37
g 1.6 n=23 | 453 333 920 1358 12 9 25 37
g 1.9 n=23 | 467 342 949 1372 13 9 26 38
< 22 =37 | 292 212 599 847 8 6 16 23
09 n=30 | 219 220 496 920 | 6 6 14 25
g 1.25 n=19 | 380 366 803 1475 10 10 22 40
2 1.6 n=19 | 394 377 803 1475 11 10 22 40
S 19 n=18 | 438 407 876 1562 | 12 11 24 43
2.2 n=31 | 248 237 511 905 7 6 14 25
0.9 n=32 3d7 239 672 1299 8 7 18 36
m 1.25 n=21 | 467 381 964 2000 13 10 26 55
5 1.6 n=21 | 482 390 949 2000 13 11 26 55
a 1.9 n=21 | 496 399 978 2000 14 11 27 55
2.2 n=40 | 263 207 511 1037 7 6 14 28
09 n=38 | 263 250 540 993 | 7 7 15 27
- 1.25 n=38 | 263 250 540 993 7 7 15 27
e 1.6 n=40 | 248 242 511 949 7 7 14 26
2 19 n=39 | 263 253 540 978 | 7 7 15 27
2.2 n=39 | 263 253 540 978 7 7 15 27
flux/unit area: Divide the above by 14.6 my VLpipe Divide the above by 0.4 mn
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3.3. Results in the context of previous research

To contextualise the contribution of the present results, literature review detailed in Table 1 includes
peak and annual performance of Barcelona heat rejection and Amsterdam heat extraction results
(Tables 6, 7, and 8). These peaks are the maximum half hour magnitude from 20 years’ simulations
and can be converted as noted at the foot of Tables 8 and 9 to flux per unit area to compare with

others’ common denominator of W/m?2.

As a nominal representative of heating load dominated oceanic climate (Cfb), Amsterdam
simulations for 0.9 to 2.2 W/(m-K) soil conductivities had peak ground source rates 196 to 342
W/m?, but the greater result was found in simulation with a less extreme soil conductivity of 1.9
W/(m-K). London and Paris simulations also resulted in lower DWHE capacity for 2.2 1.9 W/(m-K) soil
conductivity. This is the result of disqualifying any simulation where evaporator temperature ever
drops below 1°C. Others [38, 41] assumed basement walls were insulated on the intrados side,
neglecting freezing risk in winter, while ignoring the benefit of cooling effect in summer due to
parking exhaust air systems. Melbourne’s climate is also Oceanic (Cfb) while 1.1 to 3.3 W/(m-K) soil
conductivity were used in others’ simulations [41]. Geneva’s climate (Cfb) is also Oceanic, where
another research group worked with 1 to 2.5 W/(m-K) soil conductivity [46]. Three other research
teams’ research was cast in humid subtropical climates (Cfa) with 2.8 W/(m-K) soil conductivity in
Turin [38], 2.2 W/(m-K) in Milan [15], and 1.74 W/(m-K) in Shanghai [14]. Yet another team worked
with 2.0 W/(m-K), and increasing with groundwater, in reference to the forementioned research cast
in Cfa climates [14, 38], but no prior research on DWHE was found to be cast in situations with the

Mediterranean climate (Csa).

As a nominal representative of cooling load dominated Mediterranean climate (Csa), Barcelona
simulations for 0.9 to 2.2 W/(m-K) soil conductivities had peak ground source rates -52 to -84 W/m?2.

These results are lower than others’ initial thermal response tests (TRT) rates in Shanghai and
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Geneva [3, 46] and parametric analysis of simulations [12], while higher than Torino summer peak

performance [38].

The presented Barcelona results are higher than “realistic” asymmetric seasonal demands imposed
on ground source heat exchangers ( | heat pumping extraction| < |cooling heat rejection| ) in
Melbourne [41]. Divide Table 1 entry “-67 W/mn“ by corresponding 20 m, vertical height to compare
-3.3 W/m? with others [12, 38, 46]. Note that the Melbourne simulations assumed basement walls
were insulated on the intrados side, their simulation does not take into account heat transfer to the
air [41]. In addition, it was not suggested that they included dynamic pulses of alternating heating

and cooling loads that were imposed in the present simulations (Figures 7 and 8, Table 7).

Extended performances reported by others are more comparable with the present contribution,
except the two-day TRT report of -48 W/m? at Shanghai Museum of Natural History [3] extrapolated
to the annual equivalent -57,000 MJ,/my, is an unreasonable expectation. Table 1 shows that others
[12, 15, 38, 41, 46] have provided much longer duration assessments of SWHE performance with
geometry varying from 10 to 21.6 m, vertical height of DWHE while their aspect ratio of basement to

overall height ranges from 50 to 75%.

As the present results assume 45% basement aspect ratio within 14.6 m, vertical, comparisons are
not perfectly normalised by vertical area (W/m?). So, Table 1 also compares on the basis of the
horizontal length of installed basement wall at the perimeter of buildings (W/mn as well as MJ,/my).
The safe annual heat injection finding for Barcelona of about -5 W/m? is more conservative than all
of the others. This is partially due to the lower basement aspect ratio of the Barcelona DWHE, but
also probably due to the criteria not to exceed 37.8°C condensing water temperature, while others
allowed higher operating temperatures. Results in Table 5 indicate that relaxation of these criteria

increases heat transfer.

Results reported in the present work depend upon the building heating and cooling loads as well as

DWHE geometry. It should be noted that differences between this research and other reported data
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might be due to the fact that in the present research simulation results outside 1°C and 37.8°C
DWHE fluid temperature are rejected. Also, the present results differ from the others [12, 15, 38,
41, 46] as we have included realistic building services loads of heating and cooling. To illustrate the
differences between plausible Mediterranean and Oceanic part-load intermittency Figure 7
(Barcelona and Amsterdam) histograms show that full heating and cooling design loading is rare. The
coincidence of heating and cooling loads in different zones of the prototypical building are
evidenced by heat recovery “transfer” between heating and cooling zones in Barcelona. The
effective energy recovery transfer was a consequence of the confluence of condensing water leaving
the chiller and evaporator water leaving the heatpump. This mixed confluence or intermittent

switching between heating and cooling (Figure 3) moderates the source-side duty of DWHEs.

4. Discussion of the present results in terms of climate and the thermal conductivity of soil

The present results include a range of climates while others [12, 15, 38, 41, 46] each only
reported on one situation for their particular specifications of DWHE geometry. The present work
has integrated our particular DWHE installed with a range of soil conductivities serving a prototypical
building with heating and cooling loads from a range of climates. For each combination of climate
and soil the number of DWHE modules was incrementally increased until the geoexchange system

could be ensured to not freeze in winter, nor exceed 37.8°C in summer.

The range of results for sustainable extraction of heat in Amsterdam, and sustainable heat
injection in Barcelona have been included in Table 1 to compare with previously published
guidelines. Others’ guidelines are not as conservative as the current findings, some of which focus on
the enhanced opportunity of groundwater. The current paper’s findings are of course dependent on

the particular specification of lowest basement and foundation embedment below that level.
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While the requirement not to freeze foundation heat exchangers is well established [12], the
present work introduced an upper constraint for condensing water not to exceed human metabolic
temperature (37.8 °C) entering diaphragm wall foundation heat exchangers. Table 5 indicates

performance increases about 50% in Barcelona if the permitted threshold is raised 10 degrees.

The DEFAULT geometry assumes continuous ventilation is provided on one side of the upper
45% of SWHEs with outdoor and damp evaporative conditions are affecting a partially hybrid air-
source dynamic such that conventional cooling towers or dry coolers might not be required if
sufficient DWHE capacity is installed and activated. The dynamic thermal network methodology has
been applied with the DEFAULT geometry described in the present paper that extends heat
exchange through retaining walls that form two levels of underground carparking, ”pipe depth from

the ground surface”.

The present work estimates the DEFAULT DWHE heat exchange potential for the same
prototypical building plan if it were replicated in eight European cities of which 3 are Mediterranean,
one warmer location with continental influences, 3 are Oceanic, and one cooler location with
continental influences. Bi-decadal simulations showed that 30 W/m, peak rejection per meter of
heat exchanger pipework cast into foundation diaphragm walls at 400 mm spacing is sustainable
without exceeding 37.8°C condensing temperature. In the Oceanic climate of Paris and Amsterdam

simulations we found a limit of 13 W/m,, of peak heat extraction without freezing.

In Oceanic locations, foundation heat exchanger potential is limited by winter heat
extraction, and so demand-side load reduction or supplemental heating will be needed if ground-
source heat exchangers capacity is less than what we recommend. In Mediterranean locations
foundation heat exchanger potential is limited by summer heat-rejection, and so hybrid air-source
heat rejection capacity is suggested if ground-source heat exchanger capacity is less than the
recommendations. Integration of heat-exchange pipework among the steel reinforcement before

pouring concrete foundations generally benefits the seasonal performance of reverse-cycle heat
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pump installations, but redundant air-source heat exchange will be required unless ground-source

capacity is sufficient.

In addition to the geometric parameters noted in this paper (pipe size, spacing, active depth,
and depth of basement) and the dynamic fluid flow conditions, the potential for heat exchange is
strongly influenced by the ground thermal conductivity and atmospheric climate above ground.
Initial calculations were conducted based on nominal 1.6 W/m-K soil thermal conductivity in Tables
6, 7 and 8 in a range of European climates. These have been calculated for a prototypical office floor-
plan with heating and cooling load profiles. Values are reported per unit length (in the horizontal
perimeter direction), and also per unit of serpentine circuitry pipework cast within basement

diaphragm walls. Results have been calculated assuming all loads are met by diaphragm wall FHXs.

Varying soil conductivity in three Mediterranean locations were compared to the Spanish
capital Madrid, as an example of warm continental influences (Table 7). Performance generally
improves with increasing soil conductivity in these warm climates. Conversely designers should be

concerned if water tables diminish, resulting in consequently lower soil thermal conductivity.

Varying soil conductivity in three Oceanic locations compared to Nancy is an example of cool
continental influences near the European capital of Strasbourg (Table 8). Performance increases in
cool ocean climates with a moderate increase soil conductivity of 1.9 W/m-K, but is lost if
conductivity rises to 2.2 W/m-K — as required to prevent freezing of the FHX. Performance is

hindered accross all soil conductivities in the continental-influenced French city of Nancy.

In the case of the cooler Oceanic (Cfb) climates of Paris, Amsterdam, London, and
continentally-influenced Nancy (Cfb/Dfb), all available waste heat should be stored in the
foundations and adjoining ground until winter when there is a need to extract and reuse this heat.
In colder continental locations such as Helsinki (Dfb), substantially better demand-side management
(building insulation) and supplemental heating could be afforded by rooftop photovoltaic panel

connected to emersion elements added into the hydronic water accumulator tank but was beyond
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the scope of the present campaign of parametric building simulation, and so we could not provide

specific design guidelines.

In the case of climates where winter heating is a greater problem than summer cooling, a
load-side recommendation is to improve building insulation standards — as required to maintain heat
pump evaporator water always above 1°C. Ideally the FHX circuits are most effective if they are
balanced to exploit as much as practical of the allowable range of 1°C to 37.8°C extremes of

evaporator and condenser water temperature without ever exceeding these guidelines.

The practical application of the present paper has been seasonally balanced heat injection
and extraction from the foundation walls of underground carpark basements of multi-story
developments in a range of climates. Results show that our methods can answer a general question:
what is the heat exchanger potential of such a foundation heat exchanger given its geometry,
building load profile and ground conditions? Given a particular building floorplan and a range of
European climates, the number of DWHE used (n) given in Tables 7 and 8 indicate how many stories
could be served by a chiller/heat-pump system using the diaphragm walls and whether
supplementary heat exchangers may be needed in a hybrid configuration. Thus, estimating with
equation 11, almost three stories could be served in London, two stories in Madrid, Barcelona,
Amsterdam and Paris. There appears to be capacity for almost two stories in Rome or Athens but
only one story could be accommodated in Nancy unless the standards of building insulation were

improved.

Stories = Perimeteruiging / (Widthowee - n) = (120 my/2.4 mp)/n = 50/n (12)

4.1. Condensing temperature will rise if the installed FHX capacity is insufficient ( frux )

Consider a performance indicator denoted feux defined by the ratio of available diaphragm

wall circuitry divided by what is recommended on the basis of nominal soil conductivity (Table 6).
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Then consider the possibility of allowing extreme condensing water temperatures to exceed the
guideline of 37.8°C and thereby injecting more warmth in summer. In which case ground-source
heat is more easily extracted in winter — with overall improvement of seasonal performance factor
(SPF). The caveat of this operation is to understand the source-side network exceed the thermal
guideline of human metabolic temperature, which could lead to unacceptable conditions in the area
of the basement adjoining activated FHXs. High condensing temperatures result from low values of
frux, active foundation heat exchanger relative to recommendation for nominal soil (1.6 W/m-K). The
high condensing temperature are not a fault of air-cooler selection — but are due to the required

foundation ATrux (equation 1) necessary to maintain a fixed circuit velocity (nominally 0.75 m/s).

Table 5 presents detailed results from simulations of Barcelona DEFAULT geometry for the
base case of normal nominal soil conductivity (1.6 W/m-K), and also for marginally reduced soil
conductivity (1.25 W/m-K). The number n refers to the number of DEFAULT foundation heat
exchanger circuits found to satisfy either 37.8°C (black) or 47.8°C (red) maximum temperature
entering the source side network as well as the requirement to never drop below +1°C. As n=27 is
the nominal soil recommendation to avoid exceedance of 37.8°C, the fenx is determined. The
bidecadal AT is the 20-year trend of annual mean temperature of FHX circuitry. This is offered as
surrogate for the rate of change of foundations. The “min evap” and “max cond” are the extremes

in 20 years of the evaporator water and condensing water entering the source side network.

SSN design flow rate and delta-T are as required to maintain 0.75 m/s velocity within FHX
circuitry. The annual electric energy use is presented for the source-side network pumps. The
annual energy demand of the heat pump as well as chiller operation are presented with the overall
seasonal performance factor of the reverse cycle heat pump combined with fans and pumps on the
source side network, based on pump sizing at 1.5% of source side duty. SPF, does not consider the

chilled water pumps, nor the hydronic hot water circulation pumps.
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As an example of design application, consider prototypical building floor plan cooling load
are 177 GJ per annum with a peak requirement of 56 kW in Barcelona (Table 4). Because heatpump
COP is 4, the heat rejection into FHXs is 25% greater than the building cooling loads. Given 120 mj,
building perimeter, the heat rejection load is 1475 MJ./my, with a peak of 467 W/my. Factor in the
2999 annual-MJ/m with peak 1078 W/m:, (nominal ground-sourced rejection capacity from Table 6),

and the number of repeated floors that could be served in Barcelona is barely two.

There would be 85% less performance in moderately reduced soil conductivity (1.25 W/m-K)
in Barcelona. This is confirmed by the 85% ratio (n=27 / n=32) comparing the FHXs required for
nominal soil conductivity to what is required for moderately reduced soil conductivity. Condensing

water temperature could rise more than 5K with incremental reduction of soil conductivity (Table 5).

Other literature (Table 1) does not include analysis of how to avoid overheating foundations.

Others’ higher heat flux rates are reported per meter of pipe or per unit diaphragm wall area.

5. Conclusion

The present study extends design options for “geoexchange” systems — electrically powered
reverse cycle heat-pump / air-conditioning to utilize the earth as both a heat source and a heat sink.
we have focused on the opportunity to integrate heat exchanger pipework among the structural
steel-reinforcement that is cast into basement walls and their underlying foundations. Suchis a

vertical planar foundation heat exchanger, referred to as diaphragm wall heat exchanger (DWHE).

Results of detailed simulations of a wide range of operating scenarios for DWHE systems
have been presented in this paper, comparable with other DWHE designs described in the literature
(Table 1). These results compared continuous full heat rejection/extraction into the foundation heat
exchangers without any hybrid air-cooling capacity except for the heat transfer from diaphragm

walls into basement exhaust ventilation systems.
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Most of the tables of results were setup within guidelines whereby heat pump evaporator
and chiller condenser water enter the heat exchangers between 1° and 37.8 °C, except Table 5
illustrates relaxation of the upper guideline — while retaining the rule to never operate within one
degree of freezing. The upper guideline is the temperature of healthy human metabolism, which
was devised because the diaphragm walls may adjoin underground parking areas suitable for

pedestrian denizens.

Maximum tolerable basement wall temperatures impose an additional constraint not
addressed by other studies. The present study assumed that these spaces are used for underground
carparking and as a consequence of health and safety exhaust ventilation is employed with the
result that evaporation of dampness resulted in entrained outdoor air temperature approaching
wet-bulb. The forgoing could be described as a form of uncontrolled evaporative cooling that

partially supplements the capacity of the earth as a heat sink.

Results are reported in the form of summary tables giving estimates of DWHE heat exchange
potential for a prototypical office building in eight European cities, of which four are warm
Mediterranean (Cfb), and four are cool Oceanic (Csa) — including continentally influenced examples
(Cfb/BSk and Csb/Dfb). In the cooler locations, the foundation heat exchanger potential is limited by
winter heat extraction, and so demand-side load reduction or supplemental heating are

recommended where additional ground-source heat exchangers are not feasible.

In warm locations the foundation heat exchanger potential is limited by summer heat-
rejection, and so supplemental cooling capacity may be needed. Additional cooling capacity could
be provided via the demand-side such as by additional chillers or district cooling. Alternatively,
additional heat rejection capacity could be added on the demand-side with hybrid control. The

results presented show how the relationship between the DWHE system and the overall building
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demand are related to system temperatures and overall system efficiencies. Conditions are
identified in which system temperatures may become unacceptably high. These results demonstrate
limits of potential performance in a prototypical system. We recommend that simulation studies are
used in the detailed design stage of FHX projects to estimate likely performance and the best

strategies for optimal operation.

This paper provides preliminary design guidelines for application of diaphragm wall heat
exchangers in a range of European climates. For a prototypical office floorplan, we have found that
two levels of basement diaphragm walls could enable geoexchange systems to serve one or more

stories more than would have been accommodated with thermal piles alone.
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Nomenclature

bidecadal AT is the product of 20 years and the linear regression slope of fitting change of 20
successive annual average temperatures of foundation heat exchanger pipe wall.

capacityconcrete, the effective thermal capacity of concrete-reinforcement composite.

capacitygroung, the thermal capacity of ground outside diaphragm wall and below lowest basement.
Cfb, Koppen—Geiger Mediterranean climate

Cfb/BSk, Kbppen—Geiger continentally influenced Mediterranean climate

Cover, the minimum horizontal thickness of concrete covering the outer diameter of FHX pipe.

C,, the specific heat of heat transfer fluid. Water assumed as long as temperatures > 1 °C

Csa, Koppen—Geiger Oceanic climate

Csb/Dfb, K6ppen—Geiger continentally influenced Oceanic climate

DEFAULT, the nominal case of FHX geometry whereby the serpentine pipework is cast within the
entire diaphragm wall, 45% above and 55% below the lowest basement floor level.

Depthpasement, the vertical depth of lowest basement floor below outdoor ground surface.
Depthywan, the vertical depth of concrete diaphragm wall foundation below outdoor ground surface.
DWHE, vertical diaphragm wall heat exchanger

fenx, the percentage ratio of activated number of FHX circuits divided by the number required to
serve with nominal soil conductivity prevailing without need for hybrid air-coolers or cooling towers.

GEOTeCH, GEOthermal Technology for economic Cooling and Heating, European Union’s Horizon
2020 research and innovation programme under grant agreement No 656889

HVAC, Heating, ventilation, and air-conditioning systems that maintain indoor climate of buildings.
keoncrete, the effective thermal conductivity of concrete-reinforcement composite.

keround, the thermal conductivity of ground outside diaphragm wall and below lowest basement.

n, the number of activated FHX circuits serving the building. These are 2.4 my, wide in DEFAULT case.

my, Depth measured in units of meters parallel with vertical axis, positive downwards from the earth
surface. Applies to depth of basement as well as the overall embedment depth of pipes (VLpipe).

mn, Horizontal measurement in units of meters of the diaphragm wall, typically building perimeter.
mp, total serpentine meters length of embedded pipe circuit cast into any particular FHX module.
PipeSpacing, the horizontal centreline-to-centreline spacing (mn) between vertical pipes of the FHX.
Q.ap, Rated capacity of reverse-cycle chiller/heat-pump, kW of heating or cooling load.

Qssn*, Design capacity of source-side network to accept the heat rejection of chiller or to cope with
the heat extraction of the heat pump.
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Qssn, Peak load imposed upon the source-side network if heatpump and chiller are simultaneously
operating at full load with a blended confluence of flow from evaporator and condenser.

SPF,, Seasonal performance factor including the source-side work of pumps and fans (if applicable).
Thicknesswai, the thickness of concrete enclosing the FHX pipework and structural reinforcement.

TRNSYS, University of Wisconsin’s Transient System Simulation Tool — graphically based software
environment used to simulate the transient behavior of renewable energy hydronics and HVAC.

UBO, a special case of FHX geometry whereby the serpentine pipework is cast under basement only.

unmet hours/yr is the 20-year average of the annual sum of hours for that stratified tank
temperature outlets drops below 33°C on the supply to the building heating load or rises above 8°C
on the supply to the building cooling load. Note 88 hours is equivalent to 1% of one year.

ATnom, the magnitude of inlet-outlet fluid temperature difference through air-coolers.

ATenx is the design target for instantaneous temperature difference between the inlet and outlet of
foundation heat exchanger pipework circuitry.

@Dout, the outer diameter of FHX pipework cast within concrete diaphragm wall foundations.

@in, the inside diameter of FHX pipework cast within concrete diaphragm wall foundations.
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List of Figure Legends
Figure 1.

Four-pipe heatpump/chiller with demand-side buffer tanks and hybrid source-side heat exchangers.
The air-cooled mode is not considered in the current paper. Serpentine diaphragm wall heat
exchanger sections are repeated in parallel with common entering and leaving headers. Graphic
courtesy Simon Rees, Professor of Building Energy Systems, University of Leeds.

Figure 2.

Definition of the three boundary surfaces and corresponding time-varying heat fluxes in a Dynamic
Thermal Network (DTN) representation of a diaphragm wall ground heat exchanger. Reproduced
from Shafagh and Rees’ [1] — Creative Commons (CC BY 4.0).

Figure 3.

Geoexchange system, with building demand-side on the left of heat-pump and chiller, and source-
side confluence of water circuits through the heat pump evaporator and chiller condenser. Reject
streams of heat-pump and chiller may run alternatively or blended simultaneously at “mixSSN”.
Source-side allows hybrid control with air-source DryCooler - not considered at present.

Figure 4.

Diaphragm wall heat exchanger with pipes fitted below the basement level [65].
Figure 5.

Pipe depth from the ground surface (DEFAULT) diaphragm wall heat exchanger [65].
Figure 6:

Prototypical office building. Two levels of underground carpark (brown) diaphragm wall foundation
heat exchangers (FHX) are assumed. Above ground level (green) denotes replicated office floors
which might be served by reverse-cycle ground-source heat pumps served by the limited FHX
availability. Higher levels (blue) denote additional office levels which would require hybrid air-
coolers to supplement FHXs, district cooling, or rooftop air-cooled chillers.

Figure 7.

Part-load histograms from Mediterranean sites (upper pane) and Oceanic sites (lower pane) for the
same prototypical office building floorplan. The range of heat-pump/chiller capacity was divided into
30 bins plotted across the horizontal axis. Frequency of hourly part-load occurrences is plotted in the
vertical axis, where blue denotes cooling and orange denotes heating. The insets have vertical scale
zoomed to 100 hours per annum, to resolve high loading. Boxes span between minimum and
maximum, circles contain median, and crosses mark average of 3 values.

Figure 8.

Barcelona example annual average simulation results with continuous heat injection and/or heat
extraction through FHX circuits. Nominal soil conductivity (1.6 W/m:-K). These plots present
simulated annual energy metering without any air-cooling, entirely geo-exchange operation for 20
years.



