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ABSTRACT

The new construction of a large office building in Hamburg, which is the subject of this investigation, has
been closely monitored over a period of about 5 years. In addition to evaluating and optimising the
energy demands and user comfort, the focus was on the management of the energy from an exceptionally
large geothermal field which is used for heating and cooling the building. The possibilities for sustainable,
energy efficient use of the geothermal field were investigated. The basis for the evaluations is a fibre optic
Distributed Temperature Sensing (DTS) system, by means of which temperature profiles in the ground as
well as in the concrete of the energy piles are recorded on an ongoing basis. With regard to the impact of
geothermal energy use on the environment, the surrounding soil may be considered as undisturbed to
date, based on the corresponding ground temperature measurements. The ground temperature measure-
ments within the geothermal field show that by carrying out manual operating adjustments, ultimately
the original soil temperature level could be achieved once again, after the three operating years under
examination. A long-term, sustainable and therefore energy efficient use of the geothermal field is thus
fundamentally possible in the present case.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

Model predictive control
Experimental

creativecommons.org/licenses/by/4.0/).

1. Introduction

In terms of reducing greenhouse gas emissions, the focus is
inter alia on the building sector. In the Federal Republic of Ger-
many, more than one third of the total final-energy consumption
is associated with buildings [1]. Ambitious targets for reducing
greenhouse gas emissions have therefore been defined at both
national and state level, which will be enforced by means of corre-
sponding specified standards. Accordingly, the Hamburg Climate
Plan [2], developed by the Senate in line with the national guideli-
nes, stipulates a gradual reduction of CO, emissions by at least 40%
by 2020, 50% by 2030 and 80% by 2050 compared to 1990. The tar-
gets for the building sector can only be achieved by improving the
energy efficiency of buildings, in combination with an energy sup-
ply for buildings which is increasingly based on renewable energy
sources. In accordance with the Integrated National Energy and
Climate Plan [1] and the Hamburg Climate Plan [2], the long-
term goal for 2050 can be achieved through different variations
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of the combination of improved energy efficiency and increasing
use of renewable energy. The realistic range of options extends
from a combination of 67% renewable energies in the energy sup-
ply and a 40% reduction in the energy consumption of buildings,
right through to a combination of 50% renewable energies and a
60% reduction in the energy consumption of buildings. The new
construction of a large office building in Hamburg, which is the
subject of this investigation, is a showpiece project featuring high
energy efficiency as well as an energy supply based on renewable
energies, and has been closely monitored over a period of about
5 years [3]. The building has a measured heating demand of just
over 30 kWh/(m? a), and the primary heat supply is from shallow
geothermal energy in connection with two electrical brine/water
heat pumps. An essential element of the monitoring is investigat-
ing the possibilities of a long-term, sustainable, energy efficient
management and use of the geothermal field, whereby in principle
both the heating and cooling (free cooling) of the building should
be achieved from the ground.

Numerous studies have already fundamentally examined the
various geothermal systems [4,5]. The use of geothermal systems
as a heat source or heat sink, even for large buildings and corre-
spondingly with higher performance, has also been examined in
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Nomenclature

Symbols

APF annual performance factor (-)

f factor (-)

G degree days (K d)

I electric current (A)

) thermal conductivity (W/mK)
MAT monthly average temperature (°C)
P electrical power (kW)

Q thermal energy (kWh)

Q thermal power (kW)

SPF seasonal performance factor (-)

t time (s)

U heat transfer coefficient (W/m? K)
1% volume flow (m3/h)

i temperature (°C, K)

w electrical energy (kWh)

Subscripts and abbreviations

a annual

AEB observation borehole outside of the energy pile field
AHU air handling unit

BO/W35 brine 0 °C/water35 °C

DGNB  German Sustainable Building Council
DHW domestic hot water

DTS distributed temperature sensing
EB observation borehole in the energy pile field
EER energy efficiency ratio

EnOB Energy-Optimized Building Construction
EP energy pile

FC free cooling

GHP ground-coupled heat pump

in inlet

LH local heating

m daytime average

max maximum

min minimum

mtf mullion and transom fagade

nom nominal

OPC Open Platform Communications
out outlet

P primary energy, circulating pump
PU circulating pump

S season

SEER seasonal energy efficiency ratio
th thermal

uf unitised facade

use useful

numerous studies [6-10]. Generally speaking, sustainable use of
the ground via closed loop systems such as energy piles is not pos-
sible in the case of one-directional operation, i.e. with exclusive
energy drain or exclusive energy feed, and thus an unbalanced
annual energy input/output. According to Li et al. [11] for example,
it was shown by simulation that the exclusive use of the ground for
heating in combination with a heat pump reduces the soil temper-
ature by around 6 °C within 5 years. Exclusive use of the ground for
cooling in combination with a cooling system increases the soil
temperature to over 35 °C within 13 years [11]. In both cases,
the geothermal field is no longer usable - or can no longer be used
efficiently - and this can also have a negative impact on the
microorganisms in the soil. The combined use of the ground both
as a heat source and a heat sink is therefore beneficial in this
regard, and under the appropriate conditions (including no or only
limited groundwater flow in the soil) can enable a sustainable and
thus permanently energy efficient use of a geothermal field. How-
ever, in this regard it is crucially important to balance annual
energy input/output as much as possible. According to Luo et al.
[12], with a highly unbalanced annual energy input/output - in
the case of a much higher energy withdrawal compared to energy
input — over a period of 4 years, there is an average rise in the sea-
sonal energy efficiency ratio (SEER) of free cooling of nearly 9%
annually, whereas the annual performance factor of the heat pump
decreases by about 4% annually.

The use of the ground as a combined heat source and heat sink
has also been examined in various studies. Naicker and Rees [13]
have conducted detailed studies of a large geothermal field consist-
ing of 56 borehole heat exchangers for heating and cooling a uni-
versity building using geothermal heating pumps. In doing so,
their focus was on the efficiency of the heat pump operation.
Decreases/increases in the ground temperature levels, both over
shorter periods of several days as well as year-round, were signif-
icantly lower than expected, probably due to lower heating/cooling
requirements of the building than originally assumed. The effi-

ciency of heat pump respectively chiller operation proved to be
satisfactory - but worse than expected. Cooling was found to dom-
inate the energy demands compared to heating. This highlighted
the importance already in the planning phase of a geothermal field
of the availability of reliable and accurate data, inter alia on the
heating and cooling needs of a building. Witte and Van Gelder
[14] also investigated a geothermal probe field for heating and
cooling an office building and warehouse using geothermal heat
pumps. However their focus was, among other aspects, on investi-
gating the possibility of targeted adjustment of the unbalanced
annual energy input/output of the ground, based on the calculated
higher cooling requirements of the building compared to its heat-
ing requirements. For this purpose, a heat exchanger for re-cooling
was incorporated into the building’s energy concept, which should
provide relief for the geothermal probe field in the early spring
months. In the course of the monitoring, the actual amount of
energy input into the ground proved to be much higher than the
amount of energy withdrawn from the ground, which resulted in
a continuously increasing soil temperature level over the years of
its operation. After the first three years of operation - with a cor-
responding trend in soil temperatures - it was planned to install
the re-cooler. However, the building was closed down, the heat
exchanger was not installed, and thus no corresponding data is
available. Li et al., Dehghan and Bode et al. [15-17] have numeri-
cally investigated the topic of geothermal probe fields in connec-
tion with heat pumps for heating and cooling buildings. In doing
so, Li et al. (2009) [15] focused on the imbalance between heat
input into the ground and heat withdrawn from the ground, and
the associated soil temperature distribution around the geother-
mal probes. The basis of the investigations is a three-dimensional
FLUENT model. The results showed that the soil temperature
increased around the geothermal probes, due to a surplus of energy
input during the cooling period versus energy withdrawn during
the heating period - which decreases the system performance
and efficiency in cooling mode. In addition, they showed that this
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imbalance can be resolved effectively by using a multi-functional
ground-coupled heat pump with additional domestic hot water
generation and thus in the long term, constant ground temperature
levels can be achieved. Bode et al. [17] focused on the control of a
building in conjunction with a complex heat pump system and
geothermal probe field, whereby possibilities for mode-based con-
trol were investigated. This included optimising the combination
of different load and supply cases. They were able to demonstrate
that mode-based control enables the integration of renewable
energies into a conventional energy concept.

In the context of this study, an exceptionally large geothermal
field with approximately 950 energy piles consisting of double U-
tube borehole heat exchangers with a depth of about 13 m each
was investigated. Overall, the geothermal energy system comprises
nearly 40 km of pipelines. In addition, the technical equipment and
strategies of the energy concept for the building envisage and
enable a targeted adjustment of the annual energy input/output
for the soil in the geothermal field. As well as the fundamental heat
withdrawal during the heating period for base-load supply of heat-
ing and domestic hot water systems, as well as the heat input dur-
ing the cooling period for cooling the premises through
thermoactive ceilings, there are high-performance re-coolers for
further cooling or warming of the soil during the transitional peri-
ods. The building is therefore not cooled via the heat pumps used
for the heat supply, but instead via free cooling. The monitoring
of soil temperatures to assess the impact of geothermal energy
use on the environment, as well as to assess the sustainability
and energy efficiency of geothermal energy use, does not take place
conventionally using thermistor chains, but instead by means of a
fibre optic Distributed Temperature Sensing (DTS) system. This
makes it possible in practice to determine the temperatures at
any soil depth with a high level of accuracy. To date, the measures
for targeted adjustment of energy input/output for the soil have
been manually derived and implemented from the temperature
curves. An appropriate automated control system should be inves-
tigated for this purpose, and implemented once adequately devel-
oped. A model predictive control of the building operation, taking
into account the management of the geothermal field in terms of
adjusting temperature levels in the soil, would be optimal regard-
ing the sustainability and energy efficiency of the building’s energy
supply, and should be further investigated in future.

2. Office building

The office building, located in the city of Hamburg in northern
Germany, and some of the main components of the technical
installations are shown in Fig. 2.1. In total, the building consists
of seven lower building sections (A-D & F-H) and one high-rise
building section (E) which are interconnected by two building
wings. The building wing consisting of sections A-D is oriented
west and the building wing consisting of sections F-H is oriented
north. Each of the lower sections has five floors; the high-rise
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building section has 13 floors, excluding basement areas and
underground parking. The building envelope is basically realized
as a unitised facade consisting of several mounted facade elements
or it is partially realized as a mullion and transom fagade. Further-
more, the external appearance of the building is characterized by
the curved facade construction and horizontal coloured ceramic
panels as shown in Fig. 2.1. The average heat transfer coefficient
of the unitised fagade is Uy = 0.87 W/(m? K), of the mullion and
transom fagade Upy = 1.07 W/(m? K). Window-to-wall ratio of
the entire building is 25% in case of solely considering the transpar-
ent share of the windows and surface-to-volume ratio is
0.2 m?/m3. The building was built within the framework of the
research initiative “Energy-Optimized Building Construction”
(EnOB), funded by the German government. Providing a net floor
space of 46,500 m?, the building contains space for around 1500
workplaces. The building was awarded the highest standard
“Platin”, formally “Gold”, according to the German Sustainable
Building Council (DGNB). Characterized as an energy efficient and
sustainable building, the building was planned to achieve a pri-
mary energy demand of less than 70 kWh/(m? a) and a heating
demand of maximum 15 kWh/(m? a). The objective concerning pri-
mary energy demand is achieved from the first year of operation
on, the achieved heating demand is actual more than twice as high
as the target value from the design stage. Nevertheless, a heating
demand in the range of 30 kWh/(m? a) is excellent compared with
other energy efficient buildings. The increased demand in opera-
tion phase has several causes, primarily different circumstances
and conditions compared with planning like higher room temper-
ature in order to increase user satisfaction, lower internal heat
gains as presumed and not ideal user behaviour. The building is
part of a local heating grid.

2.1. System description

The schematic layout of the thermal energy supply is shown in
Fig. 2.2. Thermal energy is primary supplied by two ground-
coupled heat pumps (nominal thermal power output each:
Qcipnom = 232 kKW at BO/W35) in parallel operation. A connection
to the local heating grid “Energieverbund Wilhelmsburg Mitte”
(nominal thermal power output Qy ,om = 750 kW) is realized for
domestic hot water (DHW) supply as well as to cover thermal peak
loads of space heating supply. The local heating grid is based on a
biomethane CHP plant with electrical output of 750 kW and ther-
mal output of 370 kW in addition with two biomethane peak load
boilers with thermal output of 1100 kW each. Since solely bio-
methane is used, the primary energy factor of the local heating is
f, = 0.0. The electrically driven ground-coupled heat pumps are
connected to 950 energy piles within an energy pile plant below
the building. Both systems feed a central warm water storage with
a capacity of 5 m>®. During winter mode, the building is primarily
heated using thermoactive ceilings in form of thermally activated

Fig. 2.1. Exterior view of the office building, part of the heating system and heat pumps.

3



K. Duus and G. Schmitz

floor static  dynamic thermoactive floor
heating heating heating ceilings heating

0000 O

cold water
storage

X O m

Energy & Buildings 235 (2021) 110726

static dynamic thermoactive
heating heating ceilings

warm water circuit

________ cold water circuit

_____ brine circuit

H I 1 1

F— H
— L

heating/cooling systems section E

heating/cooling systems section A-D & F-H

Oi v

=
S

local heating

fj

warm water
storage

energy
piles

dry re-

' :
REVRVRVEY) ooler

Fig. 2.2. System layout of the thermal energy supply with relevant heat meters marked E1..

.E23 and relevant electrical energy meters marked P0O...P7, P_dhw (pumps for

Domestic Hot Water supply), P_distr (distributor pumps of the heating/cooling systems).

concrete ceilings with a nominal design temperature of

ominou = 32 C/28 °C for inlet respectively outlet temperature.
This is mostly true for the office spaces. Other functional areas,
e.g. corridors and basement areas, are heated using floor heating
with a nominal design temperature of 9 . =357C/28 °C or
static heating with Ynom inous =49 "C/28 “C. In this case, static
heating represents heating devices in form of radiators and convec-
tors. In addition, dynamic heating is used to reheat processed air to
the desired supply air temperature. If the building’s heating
demand cannot be covered by the GHP system alone, local heating
is integrated into the warm water circuit as shown in Fig. 2.2. Dur-
ing summer mode, the building is cooled by free geothermal cool-
ing. Another storage system of 5 m> is integrated into the cold
water circuit to enlarge the energy storage capacity of the system.
Generally, cooling buildings by using thermoactive ceilings enables
the use of heat sinks operating on a higher temperature level com-
pared to conventional cooling circuits. Therefor cold water with a
temperature level in the range of 16 °C is sufficient. In this case,
the nominal design temperature for the thermoactive ceilings in
cooling mode is ¥, . .. =14 "C/22 "C. The geothermal system is
thus used efficiently throughout the year as a heat sink and heat
source. With the exception of the thermoactive ceilings for cooling,
other water circuits are not used for cooling during summer mode.
To control the overall system fully automated in winter and sum-
mer operation modes, dynamic averaging of the outside air tem-
perature for the past 36 h is used: the latest average outside air
temperature is compared to the set points for winter and summer
mode. Two dry re-cooling units can be used for cooling applica-
tions at appropriate outside air conditions as well as further cool-
ing or warming of the geothermal field in order to purposefully
adjust the thermal balance of the soil. Functional areas that are
not associated to office space, e.g. utility, server and elevator
machinery rooms, are conditioned throughout the whole year
using conventional compression chiller split units.

The domestic hot water supply is ensured throughout the
whole year. Central DHW as shown in Fig. 2.2 is provided for
the canteen and changing rooms within the building, using sepa-
rate domestic hot water stations. DHW within other functional
areas, e.g. staff kitchens, is provided using decentral electrical
instantaneous water heaters. The central DHW supply is based
on the principle of instantaneous water heating as well. In winter
mode, hot water for the DHW supply is preheated by the build-
ing’s warm water circuit. It is reheated to the required hot water
temperature within water to water heat exchangers supplied by
local heating. During the summer when the GHP systems are not
operated, the DHW supply is provided solely by thermal energy
from the local heating system. Two additional hot water storage
systems of 1.5 m> each are integrated into the warm water circuit
in order to enlarge the system’s thermal storage capacity. Domes-
tic hot water is provided by downstream water to water heat
exchangers.

Every building section is equipped with an air handling unit
(AHU) for mechanical ventilation of the related office spaces and
other functional areas. These are equipped with independent air
handling units to cover the individual ventilation requirements
of special functional areas like the canteen or the conference area.
The ventilation concept is designed in accordance with the winter
and summer modes of the building’s entire energy concept. During
winter mode, outside air is preheated by heat recovery within a
cross-flow heat exchanger. If necessary, processed air is reheated
to the desired supply air temperature (dynamic heating, see
Fig. 2.2). Volume flows of supply and extract air are controlled to
be constant at 3200 -- 32,000 m>/h, depending on the floor space
of the corresponding building section. During summer mode, the
main AHU is not operated in general, whereby mechanical ventila-
tion of sanitary areas is ensured by small ancillary ventilators as
well. Ventilation of office areas is then replaced by manual ventila-
tion using weather-proofed ventilation flaps integrated into the
facade elements.
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2.2. Geothermal system

Due to the present underground conditions, the building is
founded on 1600 foundation piles. Around 950 of these foundation
piles are designed as energy piles in form of double U-tube bore-
hole heat exchangers (see Fig. 2.3), assembled in groups of usually
ten energy piles (EP) using the Tichelmann principle. The geomet-
ric arrangement of the energy piles directly corresponds to the
arrangement of the foundation piles due to static aspects. The dis-
tance between nearby energy piles is at least 3 m.

The undisturbed temperature of the soil in the region of the
geothermal field was determined in a thermal response test con-
ducted before the operational phase as 11 °C. The soil primarily
consists of medium and coarse sand with a hydraulic conductivity
in the range of 1074102 m/s [18] up to a depth of 2 m below the
ground surface. A layer of peat silt with a hydraulic conductivity in
the range of 1078-10% m/s is located below this. The EPs in the
remaining depth below 3 m are surrounded by fine, medium and
coarse sand with a hydraulic conductivity in the range of 107°-
1072 m/s. The final drilling depth of the EPs is approximately
13 m; groundwater flows do not occur at the drilling location in
general. A grouting material with improved thermal conductivity
of2 = 2.3W/(mK) is used for thermal connection between EP duct-
ing and surrounding soil. According to the conducted thermal
response test, the surrounding soil has a surpassing effective ther-
mal conductivity of 2 = 2.5W/(mK).

The basic structure of the geothermal system is shown in
Figs. 2.4 and 2.5.

The system consists of three main paths connected in parallel
and merged in the heating centre of building sector E. Eleven
energy pile distributors (V1-V11) with approx. six to ten groups
of usually ten energy piles using the Tichelmann principle are con-
nected to the three main paths in parallel to each other. The main
path with energy pile distributors V1-V5 runs from the heating
centre in building sector E parallel to the western building wing
up to building sector A (see also Fig. 2.6). The main path with
energy pile distributors V6 to V10 runs from the heating centre
parallel to the northern building wing up to building sector H.
The third main paths solely consists of energy pile distributor
V11 located under building sector E.

2.3. Measurement devices and data acquisition

Relevant parameters characterizing the status of working fluids
within the different subsystems are measured and recorded
(Table 2.1). Each hydraulic circuit is evaluated by measuring the
volume flow and fluid temperature at the inlet and outlet.

EPI EPII

2m medium and coarse sand

peat silt

fine, medium and
coarse sand
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Electrical energy demands of the relevant components (e.g. heat
pumps, fans, circulating pumps) are measured as well. Referring
to Fig. 2.3, an optical fibre cable is integrated into selected energy
piles for site-resolved temperature measurements within the soil
respectively the concrete, according to the principle of Distributed
Temperature Sensing (DTS). 17 energy piles in total are equipped
with temperature sensing. Additional 13 by this means monitored
observation boreholes within and outside the energy pile plant are
used to analyse the impact of geothermal energy provision on the
surrounding soil as reference piles. A specific evaluation unit is
installed to provide measured temperatures with a spatial resolu-
tion of approximately 1 m and a time resolution of 1 h. Fig. 2.6
depicts the layout of the building with localisation of the 17 mon-
itored energy piles (designation: F... and G...) as well as the 8
observation boreholes in the energy pile field (designation: EB1-
EB8) and the 5 observation boreholes outside of the energy pile
field (designation: AEB1-AEB5). The outside observation boreholes
are required for the DGNB certification in order to monitor the
effects of the geothermal use on the environment and to be able
to investigate and evaluate the surrounding soil.

All other relevant measurement signals are recorded every min-
ute with the help of a LabVIEW programme which is used as OPC
client. A Honeywell controlling system is used to control and reg-
ulate the overall system in general.

2.4. Climatic conditions

As essential background information with respect to interpreta-
tion and discussion of the following investigations, the climatic
conditions in terms of degree days (G) and monthly average tem-
perature (MAT) of the three years of operation and monitoring
are shown in Fig. 2.7.

In this case, degree days based on average room temperature of
20 °C and heating threshold temperature of 15 °C are used and cal-
culated in accordance with VDI 3807 [19] as follows:

G= (20 C—yp)1d
with

Gdegree day in K d,
Ymdaytime average of outdoor temperature during one heating
day (9, <15 °C).

The sum over one calender month are the monthly degree days,
over one calender year the annual degree days. In Table 2.2 the
annual degree days for the three considered years are listed.

d =500 mm

| optical fiber cable

d=25mm

grouting material

Fig. 2.3. Structure of the soil and energy piles.
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V7to V10

Main distributor
heating centre

Fig. 2.4. Schematic depiction of the basic structure of the geothermal system regarding setup and arrangement of the energy pile distributors (V1-V11); energy piles shown

in dark grey filled circles, foundation piles shown in light grey filled circles.
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_'.
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Grgoe VIoe (1 Pane)
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Fig. 2.5. Schematic depiction of energy pile distributor V10 regarding arrangement of the energy pile groups as well as the single energy piles within the different groups;
energy piles shown in dark grey filled circles, foundation piles shown in light grey filled circles.

As it can be seen in Fig. 2.7 as well as Table 2.2, the climatic con-
ditions of the three considered years are very similar, in terms of
both degree days and monthly average temperature. Apparent dif-
ferences can only be seen during summertime in May, June and
September as well as during wintertime in November and Decem-
ber. Compared to the reference year, the three considered years of
monitoring are in terms of outdoor temperature above average.

3. Monitoring results

The results presented in this study are based on measured data
of the building operation from January 2014 till December 2017.

The following evaluation is subdivided into two parts. First, the
relevant thermal and electrical energy demands during winter and
summer operation are presented and analysed. Afterwards, the
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Fig. 2.6. Schematic depiction of the layout of the building with localisation of the 17 monitored energy piles as well as the 8 observation boreholes in the energy pile field and
the 5 observation boreholes outside of the energy pile field.

Table 2.1

Measurement devices and related measurement uncertainties.

Measured
value

Sensor type/
measuring
principle

Measurement uncertainty

Temperature o
(water)

Temperature o
(soil)

Volume flow vy
(water)

Thermal Q
energy
Electrical
energy

Pt500 resistance
thermometer
Optical
transmission
system

Impeller flow
meter

Heat meter

AC energy meter

£(05+ 3 - (Adpmin/AY))% with
3K< A9 <150 K
£02K

i(z +0.02- (Vmax/V))% of read.,

but < 5% of reading
+6% of reading

+1% of reading for I > 100 mA,
else +2%ofreading

temperature profiles of observation boreholes and energy piles in
conjunction with thermal energy balances of the soil are
shown and discussed with respect to sustainability and energy

efficiency.

400

degree days in

D W

00

(=3
(=}

Jan

Apr  May

June

July

3.1. Thermal and electrical energy demands

Figs. 3.1 and 3.2 respectively depict the flow charts of the heat-
ing and cooling operations for the whole of 2016. The charts pro-
vide a clear overview of the distribution of the total energy
consumption for a year of operation. 2016 is taken as benchmark
year for system operation because it is the first complete year of
operation after initial adjustment process and so can be considered
as a reference year. In addition, 2016 is the year of operation with
the most extensive measurement data.

Fig. 3.1 shows that by far the largest thermal energy demand is
for the thermoactive ceiling heating system, through which all the
office areas are heated. Another large component of thermal
energy demands is the dynamic heating system. This is the thermal
energy transferred to the incoming air supply, after it has already
been preheated via heat recovery, in order to attain the required
supply air temperature. The systems of static heating and under-
floor heating are only used in special areas, and therefore only con-
stitute a small percentage of the total energy demand. The flow
chart confirms the basic heating strategy in form of primary sup-
plying thermal energy by the two ground-coupled heat pumps
and solely additionally using local heating connection to cover

7 21

temperature in °C

Aug Nov  Dec

G 2015 B G 2016 E=0G 20]7 emm——MAT 2015 == == MAT 2016 *+++++ MAT 2017

Fig. 2.7. Climatic conditions of the three years of operation and monitoring in terms of degree days (G) and monthly average temperature (MAT).
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Table 2.2
Annual degree days G, for Hamburg-Fuhlsbiittel and the years of operation 2015-
2017 as well as the reference year.

Period G, in (K d)/a
January 2015 to December 2015 3484
January 2016 to December 2016 3478
January 2017 to December 2017 3398
Reference year (long-term average, 1971-2017) 3755

thermal peak loads as well as for domestic hot water supply. The
share of local heating on the total energy supply is about 27%.
Inconsistencies in the individual totals regarding missing energy
quantities (e.g. meter E9 compared with the sum of meters in
the heating circuits) are treated as losses, as well as being attribu-
ted to measurement uncertainties.

Fig. 3.2 shows that for cooling, building section E with its share
of approx. 43% has nearly the same energy demands for cooling the
office areas as all the other building sections together.

The basic design of the energy concept can also be seen. In 2016,
for the main part of the building a total of 479.4 MWh thermal
energy and 9.0 MWh electrical energy were used to cool the build-
ing (free cooling through the soil). Even if there is a further electri-
cal energy demand of 105.2 MWh for the split units conditioning
special functional areas, primarily cooling mechanisms that are
not based on compression chillers were used.

The 2016 annual performance factors (APF) of the two heat
pumps, as well as the seasonal performance factor (SPF) for free
cooling, can be derived directly from Figs. 3.1 and 3.2. The annual
performance factor for the evaluation of the heat pump operation
is given by the ratio of the useful heat output to the electrical
energy demand of the heat pump system as well as the energy
demand of the central circulating pumps,

chHPdt
J (Pgup + Ppy)dt”

Similar to the evaluation of the heat pumps, a seasonal perfor-
mance factor is determined for the evaluation of free cooling
through the soil,

Js Qrcdt
SPFpc = 25 =€~
T [ Py dt

The SPFgc measures the benefits gained by transferring thermal
energy from the building into the ground, in relation to the energy
demand of the required central circulating pumps. Table 3.1
summarises the values for all years of operation for which

APFgup =

purmps

P1¥ P2* pips

P3% P4
15.7 42
uncertainties &
losses
16,0

geothermal
energy*
(E1+E2)

warmwater
storage

electrical energy*
(RO+RO0) heat putnps
local heating,
storage* (E6)
local heating,
DHW* (E7+EB)

(partially incorrect)

heat from storage to DHW*
(E10+E11)

DHW supply
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corresponding measurement data is available. SPF is missing for
the years 2014 and 2015 due to missing measurement data in
terms of not separated electrical energy demands of the circulating
pumps P5 and P6. The circulating pumps P5 and P6 were only mea-
sured together in the beginning of the monitoring. In addition to
the performance factors that address the heat pumps only, the per-
formance factors of the heat pumps also including the electrical
energy demand of

a. the circulating pumps of the geothermal field (P1 and P2),

b. the circulating pumps of the geothermal field (P1 and P2)
and the central circulating pumps of the warm water circuit
(P3 and P4)

are listed. In addition to the performance factor for free cooling
that addresses the circulating pump of the geothermal field (P5)
only, the performance factor for free cooling that also includes
the electrical energy demand of the central circulating pump of
the cold water circuit (P6) is listed as well.

The annual performance factors of the two heat pumps without
taking into account the circulating pumps could be steadily
increased over the years by undertaking several optimisation mea-
sures, whereby in total the APF of heat pump 1 increased by
approximately 12.5%, and the APF of heat pump 2 by approxi-
mately 16%.

One effective measure was a change of the basic control strat-
egy regarding the warm water storage from single-point control
strategy to double-point control strategy. Due to the resulting
improved usage of the storage capacity, the operation phases of
the heat pumps were extended and a massive cyclic operation
was avoided. Moreover, a change of the control strategy for domes-
tic hot water supply has improved the heat pump operation. The
initial strategy to switch on the heat pumps with high temperature
set point (50 °C) in cases of domestic hot water requirement was
eliminated, so that the heat pumps solely indirectly cover the base
load for domestic hot water supply with low temperature level
according to the actual given set point of the heating system. The
reduced temperature lift of the heat pump process also led to a
more efficient heat pump operation. Including the electrical energy
demand of the central circulating pumps into APF evaluation
shows that the primary pumps (geothermal field) have much more
negative impact on the APF compared to the secondary circulating
pumps (warm water circuit). If you consider the two years of 2016
and 2017, the free cooling without taking into account the sec-
ondary circulating pump shows a significant drop in the seasonal
performance factor (—47%). The reason for this is a significantly

pumps
P_distr*

thermoactive ceilings*
17.0 (E15+E19,
further separated into
'two heating circuits sach)

heat meter
E9*

dynamic heating*
(E14+E18)

static heating*

449 (E13+E17)
[15.6]

floor heating*

(E12+E16)

uncert aint ies &

“feedback DHW to
losses

starage”

DHW*
(E21+E23)

DHW, circulation*
(E20+E22)

Fig. 3.1. Flow chart of the heating operations for the year 2016, all energy quantities are given in MWh, energy demands per net heated floor area are given in kWh/m? and
listed in square brackets; energy quantities marked with * are measured directly, the respective meters taken into account are labelled E1...E23 for heat meters and P0O. . .P7,

P_dhw and P_distr for electrical energy meters (see Fig. 2.2).
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pumps
P_distr* uncertainties &
losses
’ pump pump 113 3.2 thermoactive ceilings,
soil PS#* P&+ 97.7 sector E southwest*
9.0 - [30.2] (E15)
heat exc}}anger J thermoactive ceilings,
cooling S sector E northeast*
[26.5] (E15")
479.4 141.0 thermoact ive
[17.2] ceilings, sector A-D*
(E19")
heating/cooling 1320 thermoact ive
systems sector E + [19.8] ceilings, sector F-H*
sector A-D & F-H (E19")

Fig. 3.2. Flow chart of the cooling operations for the year 2016, all energy quantities are given in MWh, energy demands per net heated floor area are given in kWh/m? and
listed in square brackets; energy quantities marked with * are measured directly, the respective meters taken into account are labelled E1...E23 for heat meters and P0O. . .P7,

P_dhw and P_distr for electrical energy meters (see Fig. 2.2).

Table 3.1

Annual performance factors (APF) of the two heat pump (GHP) systems and seasonal performance factor (SPF) of the free cooling for the years of operation 2014 to 2017; GHP1
and GHP2: solely electrical energy demand of heat pump, +P1 and +P2: electrical energy demand of heat pump plus primary circulating pump, +P2,P3 and +P1,P4: electrical
energy demand of heat pump plus primary and secondary circulating pump; free cooling, P5: solely electrical energy demand of primary circulating pump, +P6: electrical energy
demand of primary and secondary circulating pump; for circulating pump notation see Fig. 2.2.

Year of operation APF GHP1 [-] APF GHP2 [-] SPF Free cooling [-]
GHP1 +P2 +P2,P3 GHP2 +P1 +P1,P4 P5 +P6
2014 3.28 3.12 3.09 3.33 3.18 3.14 - -
2015 3.26 3.17 3.14 3.35 3.24 3.22 - -
2016 3.66 3.45 3.40 3.81 3.66 3.62 53.02 39.78
2017 3.69 3.45 3.39 3.86 3.74 3.70 28.11 23.98

increased power demand for the geothermal energy circulating
pump (P5) in 2017. Increasing the performance of the geothermal
energy circulating pump (P5) at the end of the 2016 cooling period
was an intended measure to improve the brine flow through the
geothermal system. By use of ultrasonic flow measurement and
further temperature profiles of energy piles, an inhomogeneous
flow through the geothermal system was found. Generally speak-
ing, energy piles connected to distributors which are close to the
heating centre, meaning energy piles with minor pressure drops
in the feed and return line, had shown a much higher flow than
energy piles connected to distributors which are far from the heat-
ing centre, meaning energy piles with major pressure drops in the
feed and return line. Hydraulic adjustment was not possible,
because of insufficient performance of the circulating pump.
Increasing the performance of the geothermal energy circulating
pump has improved this issue, but did not fix it. Corresponding
evaluations of this problem suggest that it is no dimensioning fault
but rather due to higher pressure drops indeed compared to
calculation.

3.2. Sustainable and energy efficient management of the geothermal
field

A total of 17 energy piles and 13 observation boreholes were
equipped with a fibre optic distributed temperature sensing
(DTS) system, so that continuous temperature profiles can be
recorded at different depths. Temperature profiles were specifi-
cally recorded for (see Fig. 2.6)

- 17 thermally activated foundation piles (designation: F... and
G...) with a depth of 13 m,

- 8 observation boreholes in the energy pile field (designation:
EB1-EB8) with a depth of 20 m,

- 5 observation boreholes outside of the energy pile field (desig-
nation: AEB1-AEB5) with a depth of 25 m.

The geological conditions in the area of the energy pile field are
very homogeneous at the relevant depths (c.f. Section 2.2). There
are no groundwater flows, which in principle enables the ground
to be used for massive long-term storage, with heat input in sum-
mer and heat withdrawal in winter.

Fig. 3.3 shows the long-term temperature patterns of the obser-
vation borehole AEB5 outside the field at different depths with a
time resolution of 1 h. The AEB5 observation borehole is located
orthogonally at a distance of 15 m to the edge of the energy pile
field. Due to gaps in the measurements, no temperature data is
available - for the inside and outside observation boreholes as well
as for the energy piles - for the period in April/May 2016 and for
the three shorter periods in March and September 2016 and
November 2017. The outside observation boreholes (AEB1-AEB5)
are essentially for the assessment of geothermal energy use in
terms of its impact on the environment. They enable potential
long-term reductions or increases in the temperatures of the sur-
rounding soil to be recorded, which may occur as a result of unbal-
anced management of the geothermal field, thereby enabling
appropriate measures to counteract further cooling or warming
to be implemented. In addition, temperature monitoring of the sur-
rounding soil is also an important aspect of the German Sustain-
able Building Council (DGNB) certification.

While the top two layers of soil still exhibit a strong depen-
dence on the outside temperature and thus the season, this influ-
ence decreases with increasing depth. From a depth of about
10 m, there are only slight temperature changes in the soil over
the course of the year, which at the deepest layers are only mini-
mal at approximately 0.25 K. Overall, the maximum and minimum
temperatures in the soil are slightly delayed compared to the sea-
son, due to the slow heat conduction processes, whereby the time
delay increases with increasing depth. Based on the fact that the
temperature levels of the individual deeper-lying layers show
almost no changes over the three years of operation and measure-
ment (comparison 01.01.2015 - 01.01.2018), and are also close to
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Fig. 3.3. Long-term temperature patterns at different depths for the outside observation borehole AEB5 for the period from October 2014 to December 2017.

the undisturbed temperature of 11 °C determined in a thermal
response test conducted before the operational phase, the sur-
rounding soil can currently be considered as undisturbed.

Fig. 3.4 shows the long-term temperature patterns of the obser-
vation borehole EB4 inside the energy pile field at different depths
with a time resolution of 1 h.

As expected, the observation boreholes inside the energy pile
field show greater temperature changes in the deeper layers in
comparison to the outside observation boreholes. There is a signif-
icant, time-delayed and seasonally-affected (i.e. influenced by the
outside temperature) impact on the soil temperature in the energy
pile field, due to the summer heat input and the winter heat with-
drawal. The soil temperature in the deepest layers in the region of
observation borehole EB4 varies over the three years of operation
between approx. 10.5 °C in summer mode and 11.0 °C in winter
mode. What is striking is that the amplitudes of the temperature
curves exhibit some significant variation, both in comparison
between heating and cooling mode, as well as in terms of the indi-
vidual years of operation. In addition, a kind of reversal can be
noted in the period of June/July 2016, from a tendency towards
decreasing temperatures to increasing temperatures. The main
reason for this is a change made to the mode of operation of the
technical systems, in particular during the cooling phase with the
effect of an increasing heat input into the ground. Further informa-
tion about these measures are given in the context of Fig. 3.6. If the
temperatures occurring at the beginning of the measurements are
compared with those at the end (c.f. 01.01.2015 and 01.01.2018),
almost the same temperature levels can be identified in the
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lower-lying layers. This means that over the three years of opera-
tion, despite temporarily increased or decreased temperature
levels occurring within the individual years due to the direct influ-
ence of heat input and withdrawal, an overall sustainable manage-
ment of the energy pile field has ensured that ultimately the
original temperatures of just over 11 °C have been achieved again.

Fig. 3.5 shows the long-term temperature patterns of the energy
pile F305 at different depths with a time resolution of 1 h.

As can clearly be seen, the energy piles exhibit fundamentally
very different dynamic temperature patterns to the observation
boreholes. The outside temperature-dependent heating and cool-
ing load profiles of the building can be clearly identified in the
daily and weekly history, as well as the regeneration cycles during
the course of the day and over the weekends. The fundamentally
different temperature patterns between on the one hand energy
piles as shown in Fig. 3.5 and on the other hand observation bore-
holes as shown in Figs. 3.3 and 3.4 result from the active part of the
energy piles in terms of heat transfer between building and ground
in contrast to the passive part of observations boreholes which are
solely boreholes equipped with an optical fibre cable for measure-
ment purposes and filled with a grouting material. The observation
boreholes simply behave like the surrounding soil regarding heat
transfer. The temperature level available for heating, respectively
cooling purposes decreased from approx. 12 °C - 4 °C during win-
ter mode and increased from approx. 9 °C - 18 °C during summer
mode.

The maximum respectively minimum expected temperatures in
the ground are temporarily nearly reached at the end of cooling

©
o
o
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—10m —16m —20m

Fig. 3.4. Long-term temperature patterns at different depths for the inside observation borehole EB4 for the period from October 2014 to December 2017.
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Fig. 3.5. Long-term temperature patterns at different depths for the energy pile F305 for the period from October 2014 to December 2017.
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Fig. 3.6. Annual energy balance of the ground for the years of operation 2015 through 2017.
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and heating period. This is true with regard to the heating and
cooling system in terms of the solely direct usable section of the
ground near the energy piles (due to the slow heat conduction pro-
cesses). As mentioned, the available temperature level for heating
respectively cooling decreases to approx. 4 °C during winter mode
and increases to approx. 18 °C during summer mode. In the
geothermal field with distance to the energy piles, the temperature
remains on the level of the undisturbed temperature due to the
targeted adjustment of the energy balance of the ground.

Sustainable management of the geothermal field - and thus
reaching a balanced annual energy input/output for the soil - is
of crucial importance for the sustainable and energy efficient heat-
ing and cooling of the building. Taking into account the fundamen-
tal building operating conditions, the sum of the heat input during
the cooling period and the natural regeneration of the ground
should mirror the heat withdrawal during the heating period as
accurately as possible. This can prevent both long-term excessive
warming as well as long-term excessive cooling of the soil in the
geothermal field. As already mentioned above, a closer examina-
tion of the long-term temperature patterns of EB4 (Fig. 3.4) reveals
a kind of reversal in the temperature conditions during the period
of June/July 2016, from a tendency towards decreasing tempera-
tures to increasing temperatures. The reason for this is the targeted
expansion - both in terms of time as well as intensity - of the cool-
ing operations (with a resulting positive effect on user comfort),
and thus an increase in the heat input into the ground during the
2016 cooling period. Fig. 3.6 shows the annual energy balance of
the ground in the form of monthly heat input as well as with-
drawal for the years 2015 - 2017. The year 2014 is not included
due to incomplete data.

When comparing 2015 with 2016 and 2017, there is similar
heat withdrawal during the winter months, but drastically
increased heat input in the summer months. Table 3.2 shows the
summed monthly energy withdrawal from the ground as well as
the summed monthly energy input into the ground for the years
of monitoring. The total annual energy withdrawal from the
ground only varies by about 20%, whereas the total annual energy
input into the ground was actively increased by 201% comparing
2015 and 2016.

Between 2016 and 2017, no further changes were made to the
free cooling, and the very low heat input especially noticeable in
September 2017 compared with the previous year is due to differ-
ent weather conditions.

Fig. 3.7 once again depicts the annual energy balance of the
ground for the year 2016 in the form of monthly heat input as well
as withdrawal, but in direct connection with the long-term tem-
perature patterns of the energy pile F305 as well as the observation
borehole EB4 inside the energy pile field.

Considering the three diagrams of Fig. 3.7 in turn beginning
with the top, it can be seen as a kind of chronological sequence
regarding the energy transfer shown by the time-delayed effects
on the temperature profiles. The annual energy balance shows
the amounts of heat transferred to the heat pumps and the cooling
heat exchanger. With a closer alignment of the time axes of the
diagrams, so that the respective time points of all charts fit
together, it is evident that the energy transferred from/to the

Table 3.2
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geothermal circuit arrives directly in the energy piles, and can be
measured. However, it takes some time to transfer this amount
of energy from the energy piles to the surrounding soil, depending
on the distance of the point in the ground to the energy piles, due
to the slow heat conduction processes. Using the example of the
observation borehole EB4, located towards the edge of the geother-
mal field, there is an approximately one month delay in the tem-
perature response of the soil. However, the crucial factor is
ultimately the fact that due to the summer heat input, the soil tem-
perature can be raised effectively in the geothermal field. As can be
seen from the long-term temperature patterns in the ground over
several years (Fig. 3.4 for EB4), the nature of operation of the cool-
ing system in the summer months has a significant effect on the
temperature levels occurring in the soil. Nevertheless, user comfort
is a limiting factor which must be taken into account. Even though
the expansion of the cooling operations undertaken in 2016
improved user comfort through lower room temperatures, a fur-
ther expansion of the cooling system to enhance user comfort
seems to only be of limited use. A further increase of cooling the
office rooms in order to heat up the soil can result in decreasing
user comfort due to too low room temperatures and/or too high
temperature differences between inside and outside air. For exam-
ple, several studies show, that temperature differences between
inside and outside air should not exceed about 5 °C. For this reason,
a type of portfolio should be created for the targeted adjustment of
the energy balance of the ground, which could contain the follow-
ing components:

- adjustment of the cooling system with a reduction or increase
in cooling the office areas of the building, and thus the corre-
sponding variation of the heat input into the ground, whereby
the effect on user comfort is an important factor to be taken into
account,

- adjustment of the heat supply with respect to the shares of
geothermal energy and local heating, whereby economic
aspects must also be considered here,

- the use of heat exchangers (re-coolers) for additional cooling of
the soil during the spring months after a mild heating season, as
envisaged in the planning of the building,

- and also the use of heat exchangers (re-coolers) for additional
warming of the soil during the autumn months, possibly sup-
plemented by a solar thermal system for even better perfor-
mance and increased efficiency.

To date, all measures for adjustment of the operations have
been implemented manually. Automated control of the building
operation, taking into account the management of the geothermal
field in terms of adjusting temperature levels in the soil, is neces-
sary in future for the sustainability and energy efficiency of the
building’s energy supply. A model predictive control would be
optimal.

Retrofitting a solar thermal system would be useful in several
respects. For example, at the end of the cooling period, additional
energy could be input into the ground, to boost the soil tempera-
ture and thereby increase the efficiency of the subsequent heating
operations. In addition, during the actual heating operations, when

Total energy withdrawal from the ground and total energy input into the ground for the several years of monitoring.

Year of Energy withdrawal Energy input

operation Monthly peak load Total Total increase compared to Monthly peak load Total Total increase compared to
[MWh] [MWh] 2015 [%] [MWh] [MWh] 2015 [%]

2015 148.6 700.0 - 741 159.4 -

2016 147.6 849.9 21 1115 479.4 201

2017 173.2 835.4 19 98.7 383.8 141
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Fig. 3.7. Annual energy balance of the ground for the year 2016, in direct connection with the long-term temperature patterns of the energy pile F305 as well as the

observation borehole EB4 inside the energy pile field.

the sun is shining solar energy could be used to heat up the incom-
ing brine before it reaches the heat pumps, thereby also increasing
the heat pump operating efficiency. In the summer, and insofar as
possible also in winter, the solar energy could be used for domestic
hot water generation.

4. Conclusions

This study investigated a large office building in terms of the
efficient and sustainable use of the ground for thermal energy stor-
age. During heating mode, the base load coverage for heating and
hot water is provided by shallow geothermal energy, in combina-
tion with two electrical brine/water heat pumps, and local heating
is used for peak load coverage or to reach the required temperature
levels. In cooling mode, primarily cooling mechanisms that are not
based on compression chillers are used for cooling the building
(free cooling through the soil). The findings demonstrated that
the annual performance factors of the heat pumps could be
increased continuously over the years of operation by implement-

13

ing optimisation measures, from 3.28 to 3.69 and 3.33 to 3.86. The
seasonal performance factor of the free cooling decreased signifi-
cantly from 2016 to 2017 due to the modified operating conditions,
from 53.02 to 28.11.

With regard to the impact of geothermal energy use on the
environment, the surrounding soil may currently be considered
as undisturbed, based on the fibre optic distributed temperature
sensing (DTS) system measurements. The ground temperature
measurements within the geothermal field clearly show that with
the current energy concept, different effective measures exist for
targeted adjustment of the energy balance - and thereby the tem-
perature levels of the soil - and thus over the years of operation, a
sustainable and also energy efficient management and use of the
geothermal field can be achieved in the long term. Over the three
years of operation investigated, despite temporarily increased or
decreased temperature levels occurring within the individual years
due to the direct influence of heat input and withdrawal, by carry-
ing out manual changes in the operation, it was ultimately possible
to return to the original ground temperature level of about 11 °C.
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Nevertheless, by use of ultrasonic flow measurement and further
temperature profiles of energy piles, an inhomogeneous flow
through the geothermal system was found. Because of insufficient
performance of the circulating pump, hydraulic adjustment was
not possible. Replacement of the corresponding circulating pumps
seems to be the only way to fix this issue. The main measure to bal-
ance heat input and withdrawal was the expansion - both in terms
of time as well as intensity — of the cooling operations so far. How-
ever, for the future years of operation a type of portfolio should be
created for the targeted adjustment of the energy balance of the
ground, which could further contain additional cooling and
warming of the soil by using the re-coolers and adjustment of
the heat supply with respect to the shares of geothermal energy
and local heating. In addition, a solar thermal system for even bet-
ter performance and increased efficiency could be installed.
Automated control of the building operation, taking into account
the management of the geothermal field in terms of adjusting tem-
perature levels in the soil, is necessary in future for the sustainabil-
ity and energy efficiency of the building’s energy supply. In this
context, a model predictive control would be optimal, and should
be investigated.
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