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a b s t r a c t

The aim of the study was to develop data informed physical models for simulation of district heating
(DH) grids for better presentation of hydraulic and thermal aspects in the DH grids integrating heat
prosumers. A DH grid organized as a ring and integrating a heat prosumer from a data center was
analyzed. In this study, an extensive analysis for thermal and hydraulic aspects of theDH grid considering
different configurations of distributed sources was performed. Different configurations for the prosumer
connection, the return to return and the return to supply, together with the pressure and temperature
control, were investigated. The results showed that increasing the share of renewable heat from the
prosumer to the DH grid caused a pressure imbalance in substations close to it. Variable speed pump
control was the solution for these issues and it gave up to 34% electricity savings. Lowering temperature
levels in the DH network led to a decrease in DH heat losses of up to 14%. The return to supply
configuration showed advantages in integrating the prosumer, as regards lower return temperatures and
better waste heat utilization. The results indicated the main hydraulic and thermal features of integrating
the prosumer in the DH grid.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The use of renewable energy and waste energy is highly
necessary to combat climate change [1]. Future district heating and
cooling (DHC) systems may enable transition to a complete
renewable society [2,3], meaning that they will be based on
completely renewable energy, such as solar, waste heat and
geothermal energy. In recent years, the role of district heating (DH)
in future energy systems has been consistently studied, whether by
statistical or analytical approaches, with a focus on parameters such
as buildings’ heat energy demand, possibilities of using local
renewable energy sources (RES), design, control and management,
etc. [2]. The conclusion is that DH has great potential to integrate
RES, because DH can offer flexibility to the energy system, through
synergies between waste-to-energy processes, and could ulti-
mately provide secure, renewable, and in some cases more
affordable, energy, compared to fossil fuels [4]. Flexibility can be
ier Ltd. This is an open access artic
further enhanced through thermal storage units [5] and demand-
side management [6]. In the review study of Werner, it is shown
that DHC system are viable heat and cold supply options in a future
world, while more efforts are required for identification, assess-
ment, and implementation of these potentials in order to harvest
the global benefits with district heating and cooling [7]. Compared
to individual heat production by end users, DH systems are
considered a more reliable, efficient and environmentally friendlier
alternative solution to meeting space heating and domestic hot
water demands [8]. For example, a comparison of heat production
by DH systems and by individual heat production by using electric
boilers in Norway shows that the DH solution results in lower CO2
emissions [9]. Demand for heating in Norwegian buildings is ex-
pected to be up to 18% lower in all building types by 2050 [10]. This
makes the efficient utilization of RES in DH even more essential,
because DH will still be a promising solution for most users and
should also meet the newest energy and environmental
regulations.

Since future DH is depicted as sustainable energy systems using
100% RES, existing DH systems must be developed to meet the
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Symbol Definition Unit
r Density kg/m3

t Pump input power vector W
p Total pressure bar
r Heat exchanger mass flow rate ratio
T Temperature K
NTU Number of heat transfer units
cp Specific heat capacity kJ/kg.K
L Length m
A Incidence matrix
K Stiffness matrix
f Knowns vector

G Mass flow rate kg/s
M Mass kg
R Hydraulic resistance matrix bar
P Pressure vector bar
U perimeter m
U Overall heat transfer coefficient W/m2. K
l Under-relaxation coefficient
f Heat load W
V Volume m3

ht Heat exchanger efficiency
k Heat exchanger hydraulic loss coefficient 1/m.kg

kv Valve hydraulic loss coefficient ½m:kg�1=2
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upcoming requirements. A new actor has entered the DH market,
called the “prosumer”, that is a heat consumer able to act as a
distributed heat source and cooperate in heat production by
delivering heat to the main system [11]. Several heat prosumer
types exist today and they can export small and large amounts of
heat at different temperature levels [12]. The literature indicates
some studies related to heat prosumers and their effects on the DH
grid [10,13e16]. The most attractive for DH companies are big heat
exporters with high temperature levels, like waste heat from in-
dustry, supermarkets or data centers. The growing number of data
centers offers an incentive to utilize this excess heat in nearby fa-
cilities, and DH fits this aim perfectly [12]. Heat generation from
data centers must be combined with the DH as a closed-loop sys-
tem that will lead to heat recycling and minimum heat losses. Data
centers act as huge electrical heaters, fed with electricity that
further produces waste heat as a byproduct. A case study of inte-
grating two retail stores and a data center as the distributed heat
sources to a local grid of the DH system in Trondheim, Norway, was
performed in Ref. [17]. In this study, the results show up to 25% of
the annual heat demand being covered by prosumers and reduced
annual heat loss, compared to scenarios without prosumers. The
research in Ref. [18] addressed the integration of solar thermal
collector prosumers in DH. The bidirectionality of prosumer-based
DH systems was discussed via the application of decentralized
pumps in a case study. The authors suggested that, to increase
system efficiency of this network type, better operation and control
of networks with prosumers is needed [18].

Regardless of all the above-mentioned advantages, there are
two considerable technical problems with heat export from data
centers: 1) relatively low export temperatures that do not fit with
the current high temperature DH grids and 2) the difficulty in DH
grid control. In order to increase the export temperature level, data
centers utilize mechanical cooling with heat pumps. In that way,
the evaporator side is used to provide cooling, while the condenser
side is used to provide thermal energy of 55 �Ce80 �C, which is
suitable for further use. Depending on the application re-
quirements, such as temperature level of a local DH grid combined
with the heat export quantity, heat recycling from data centers may
offer economic advantages. The prosumer in DH networks is a
relatively new concept, and there are still several unsolved issues.
Temperature oscillations in the network could take place and
change in pressure level is inevitable. Increase in velocity within
pipes is predictable when prosumers produce at their maximum,
but pipe sizing is of great importance in smart DH grids [5]. A heat
prosumer in the system causes pressure cones, which dramatically
affect consumers, both near and far from a prosumer substation. In
order to be able to harvest more heat from a prosumer, it is
2

suggested that a lower initial pressure gradient from themain plant
be maintained; however, this consideration may cause low pres-
sure on the customer side not affected by prosumers [15]. For this
reason, there is a strong requirement for a detailed mathematical
model, to investigate the effect of heat export on pressure and
temperature levels in each node of a DH grid.

The operation of a DH grid may be analyzed once the physical
characteristics involved in the DH distribution system are modeled
in the proper way. In general, the theory behind various studies on
DH grid operation is based on fluid mechanics theories to describe
pressure drop, while heat transfer theory is used to explain thermal
losses and temperature drops. Graph theory with a semi-implicit
(SIMPLE) algorithm has been used in several studies to explain
the behavior of DH grids [19e21]. Due to the requirement for high
quality data, only a few operation points were analyzed in the
literature, which does not give a true picture of the real operational
data. To decrease the computational burden, a graph theory
approach, combined with the proper orthogonal decomposition for
the hydraulic part of the grid model, was implemented, to model a
small DH system with one centralized source in Tannheim, Austria
[22]. Despite the small average error of the model, the model was
shown to be hardly able to follow the dynamic pattern of the DH
network, because of the lack of pipe information and the model’s
calibration approach. A combination of a thermal dynamic model
and a linear model for the pressure level was implemented in
Ref. [23], to model a DH system with one centralized geothermal
source, in Tianjin, China. The proposed approach seems to be
capable of reflecting the real DH operation, but the number of
customers has a strong impact on results. Linear models for the
pressure level and heat losses with detailed input data for each
time stepmay be efficient for modeling a DH grid [24]. However, for
proper calibration, this approach requires good knowledge of the
system, and any change in it will require model changes, to adapt to
a new configuration. The impact of prosumers on the DH system in
Malmo, Sweden, was studied by using NetSim in Refs. [14,15].
NetSim has a good user interface and was developed for engineers
dealing with DH systems [25], but it can simulate a DH grid for
specific scenarios and discover issues in a suggested scenario,
without considering operational data over a longer time. Therefore,
in this study, the most comprehensive methods for modeling of
thermal systems [20], combined with heat load data for each time
step, were employed to focus on DH grid operation and
development.

Based on future trends in the DH sector, the transition to a
renewable energy society depends on in-depth understanding of
the effect of the heat prosumer on a DH system. Therefore, this
study aimed to understand how the introduction of a heat
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prosumer to the DH system affects the DH network performance,
such as pressure and temperature distributions and thereby dis-
tribution losses. Due to the theoretically detailed approach related
to practical problems and the huge amount of detailed measure-
ment data, this work goes beyond the state of the art. The novelty
and contribution of this study related to theoretical perspectives
are data informed physical models for simulation of DH grids. With
the data informed is meant that measurement data were strongly
combined with the domain knowledge to develop reliable physical
modes. Further, different configurations for the prosumer connec-
tion and control strategies were introduced to the model. The re-
sults may be further used for innovative solutions for the pressure
and temperature control. Therefore, the novelty and contribution of
this study related to engineering perspectives are discovery and
presentation of hydraulic issues in the DH grids integrating heat
prosumers. Finally, the study presents an extensive analysis for
thermal and hydraulic aspects of the DH grid considering different
configurations of distributed sources. The rest of the paper is
structured as follows. First, the method is introduced. The case
study and possible connection configurations to introduce the
prosumer together with the grid control, are presented. Finally, the
results and conclusions are presented.

2. Method

The analyzed DH grid at the university campus is organized as a
ring and delivers heat to the university buildings via consumer
substations in each building. A heat prosumer harvesting heat from
a data center was integrated to the system. To utilized in the best
way available measurement data, while providing physically rele-
vant models, an approach for data informed physical models was
suggested. To mathematically describe the analyzed DH grid, the
DH grid and simplified constituent components were modeled. To
model the performance of the DH grid, the continuity, the mo-
mentum, and the energy balance equations were used, as sug-
gested in Ref. [20]. Further, one-dimensional model of the flow was
assumed, together with graph theory [26,27], to present the
connection between the objects. The simplified components
included the following: a substation model, a valve model, circu-
lation pump, a radiator model to estimate the return temperature
of the heating system, and a heat prosumer model. The heat pro-
sumer model was described as a heat pump model, based on the
real performance data. Heat load data on an hourly basis were used
as input. Monitoring data of temperatures and pressures were used
to calibrate the model. The entire model was developed inMATLAB.
The heat use data were provided from the energy monitoring
platform of the campus, while the operation data on temperatures
and pressures were provided from the campus’ building energy
monitoring system. Consequently, the proposed method has
numerous advantages, such as: 1) easy to calibrate with the real
measurements, 2) simple to understand and present relevant en-
gineering issues such as pressure and temperature level, 3) simple
Fig. 1. Flowchart represe
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to identify relevant physical aspects of the DH grids.
To discuss the performance of the system and different config-

urations for including the prosumer, the temperature and pressure
levels, together with mass flow rates, were the most important
outputs of the model to be observed. The DH grid model consisted
of two parts, the hydraulic model and the thermal model, as shown
in Fig. 1. The grid topology was mathematically described by graph
theory [26,27]. In this regard, the interconnection of nodes (junc-
tions) and edges (pipe branches) was expressed by means of an
“incidence matrix”. The incidence matrix was constructed as a
matrix with a number of rows, equal to the number of nodes in the
grid, and columns at the size of the number of branches. Each
element of the incidence matrix contained either þ1 or �1, if the
node was an inlet or outlet for the branch, and 0 if it was not
connected to the branch. State properties, such as pressure and
temperature, could be obtained at each node, while mass flow rates
and velocities were defined at each node.

In the following text, models for each constituent element and
the simulation set-up are explained.

2.1. Fluid dynamic model

The fluid dynamic model was developed as steady state. The
reason for this approach was the availability of data on an hourly
level, which led the system to rapidly reach the hydraulic balance.
For a generic branch of the DH grid, hydraulic balance was derived
as:

ðpout �pinÞ¼ �DpFRICT �DpLOCAL þ DpPUMP (1)

where pin and pout are the total pressure levels in and out of the
pipe. DpFRICT takes viscous force into account, DpLOCAL stands for the
local pressure losses, and DpPUMP is the pressure increase over the
circulation pump.

2.2. Thermal model

The following equations give general formulation of the one-
dimensional time-variant energy conservation law, while neglect-
ing the heat conduction along the length of the branch. In this
study, heat losses at the pipe walls were assumed to be perpen-
dicular to the assumed direction. Therefore, the heat exchange
between the branch and the ground was considered a volumetric
sink term fl, as the following:

v
�
rjcp;iTi

�

vt
DVi þ

X
j

Gt
j T

t
j cp;j ¼ �ft

l;i (2)

where Ti is the temperature of the ith node, while Tj is the tem-
perature at the boundary of the control volume surrounding the ith
node. t indicates the current time, forwarding with steps of Dt. Heat
transfer through the walls to the surrounding, fl, is introduced as
nting the workflow.
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the following:

ft
l;i ¼

X
j

Lj
2
UjUj

�
Tti � Tt∞

�
(3)

where Uj is the perimeter of the branch, Uj is the overall heat
transfer coefficient, and T∞ is the temperature of the ground. In
Equation (3), half of the branch length is considered.

2.3. Substation model

The consumer substations were modeled as one heat exchanger
receiving total heat demand for an observed building. The aim was
to find the return temperature at the primary side of the heat
exchanger at each time interval. The return temperature at the
primary side of the heat exchanger was necessary to define the
mass flow rate for each building in the DH grid. The efficiency of a
heat exchanger was defined in two ways, by using temperatures
and by using properties of the heat exchanger such as:

ht ¼
Tsp � Trp
Tsp � Trs

(4)

ht ¼
1� expðð � NTUð1� rÞÞ

1� rGexpðð � NTUð1� rÞÞ (5)

where Tsp, Trp, and Trs are the supply temperature at the primary
side, the return temperature at the primary side, and the return
temperature at the secondary side of the heat exchanger, respec-
tively. The return temperature at the secondary side of the heat
exchanger was obtained by empirical relations. In Equation (5), r is
the ratio of primary and secondary mass flow rates. NTU is the
number of heat transfer units.

The rated performance data for the heat exchangers were pro-
vided for the following temperature levels: the supply and the re-
turn temperatures at the primary side of 90 �C and 65 �C,
respectively, and the supply and the return temperatures at the
secondary side of 60 �C and 40 �C, respectively. Based on Equations
(4) and (5), the primary side return temperature, Trp, was
calculated.

A simplified model of the pressure drop at substations consisted
of a heat exchanger pressure loss and a flow control valve, named D
phe and Dpv, respectively. These two pressure drops are given in
Equations (6) and (7) as the following:

Dphe ¼kG2 (6)
Fig. 2. Models for the condenser heat, evaporator load, and compresso
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ffiffiffiffiffiffiffiffiffi
Dpv

q
¼ G
kv

(7)

In Equation (6), k is the pressure drop coefficient for the heat
exchanger. In Equation (7), kv determines the capacity of the valve
and defines the volumetric flow rate through the valve. kv was
modeled by combining kvs and the valve opening. kvs was defined
at the maximum flow rate, the full valve opening, and the corre-
sponding pressure drop. In that way, the valve was modeled as the
equal percentage and the relationship between the valve opening
and the transferred heat rate of the consumer substationwas linear,
which is desired in engineering practice. Finally, the overall pres-
sure drop, DpUSER, at the substation was calculated as the sum of
the pressure drop in the heat exchanger and the control valve.

2.4. Model for the waste heat from the data center

In this study, the model for the waste heat was developed by
using one year of the monitoring data from a heat pump that was
cooling the data center and providing waste heat to the DH grid at
the same time. A compression refrigeration system was utilized in
the data center, with ammonia as a working fluid. To utilize the
condenser heat, a branch from the return line of the primary DH
grid was coupled with the condenser.

The analyzed heat pump gave approximately 1 MW of the
condenser heat for each 600 kW of cooling load. To define the
model for the waste heat, the compressor power, the condenser
heat, and the evaporator load were defined by interpolating the
corresponding heat pump performance data to the return tem-
perature of the DH grid. One year 15-min measurements were used
to define the heat pump model. The defined models are presented
in Fig. 2 as the functions of the return temperature. The interpo-
lated functions from Fig. 2 were used further to calculate the
condenser heat and other necessary performance data.

2.5. Simulation setup and boundary conditions

In this section, the equation systems, model calibration, and the
simulation setup are explained.

The equation system for the mass conservation for each node in
the matrix form is introduced as:

A ,Gþ Gext ¼ 0 (8)

where A is the incidence matrix and G is the column vector that
contains the mass flow rates of each branch. Gext is the column
vector, sized by the number of nodes. Considering a generic branch
that connects nodes, the momentum equation in the matrix form is
r power as the function of the return temperature in the DH grid.



Table 1
Test cases for reflecting different shares of renewable energy source.

Case GC;desðkg =sÞ GC;des/Gmaxð%Þ
R2R R2S

Case 1 10.2 9.5 10.5
Case 2 12.7 11.8 13.4
Case 3 15.5 14.4 16.9
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obtained as:

AT , P ¼ R,G� t (9)

where R is the diagonal matrix, considering hydraulic resistances
due to local and viscous losses in each pipe branch. P is the column
vector that contains the pressure of each node. The product of AT ·P
defines the pressure difference between the inlet and outlet of each
node. Matrix t contains the effect of pumps on each branch. Due to
term R, the momentum Equation (9) is non-linear. In addition, the
two equations (8) and (9) are coupled and need to be solved
simultaneously. Therefore, the momentum Equation (9) cannot be
solved explicitly. “SIMPLE-algorithm” (semi-implicit algorithm)
[28], together with the fixed-point method [29], was adopted to
find values for the pressures and the mass flow rates, P and G.

The thermal model is discretized. An upwind scheme was
employed to solve the thermal problem. Since temperatures are
defined at the nodes, the temperatures at the boundary are defined
in accordance with the nodes, by means of the upwind scheme.
According to the upwind scheme method, the temperature at each
boundary is assumed equal to the temperature in the upstream
node. The final set of N equations for the description of the thermal
problem in the matrix form can be defined as:

�
Mt þKt� , Tt ¼ f t þMt�Dt,Tt�Dt (10)

where the diagonal matrix M is defined asMði; iÞ ¼ ricp;i
Dt . K is called

the stiffness matrix, and f is the vector of known terms in Equation
(10). Since the flow rates in the DH grid are forced convectively by
components such as pumps, continuity and momentum equations
must be solved, to define P and G, prior to proceeding with the
thermal analysis. The flowchart for the entire calculation procedure
is given in Fig. 3.

To evaluate how different amount of heat exported to the DH
grid would influence the DH pressure and temperature level, three
test cases were developed by gradual increase of the flow rate
through the prosumer. The aim of this was to evaluate how the DH
Fig. 3. Flowchart of the SIMPLE algorithm
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grid would behave in the case of higher heat share from the pro-
sumer. The cooling process in the data center made the waste heat
almost always available at an approximately stable level during the
year. The summary of the different test cases considering different
flow rate through the prosumer is shown in Table 1.

In Table 1, GC;des is the mass flow rate of the water flowing
through the heat pump condenser. Gmax is the maximummass flow
rate of the DH grid and corresponded to the maximum heat
demand.

In this study, the heat losses of the pipe were calibrated, based
on the producer data for the design conditions, while, for the
operation condition, the model results were combined with the
measurement data. Further, the operation conditions were
modeled by using the above models, while the input vectors of heat
load for each time step were introduced from hour to hour. This
approach was found to be sufficiently good to model a DH grid,
because it utilized a detailed model of the DH grid and real mea-
surements as shown in Ref. [24].

Regarding the boundary conditions, substations in the DH sys-
tem were treated as boundary nodes. It was assumed that each
building extracts/injects the mass flow rate from/to the DH grid via
the substation. This meant that the control volume for the fluid
dynamic and thermal model did not include the secondary side of
the DH substation. The substations acted as known boundaries to
the system of equations, if they were inlet to the supply or the
return network.

For the analyzed DH grid, two types of connection
(right) and fixed-point scheme (left).
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configurations for the prosumer were analyzed, the return-to-
return (R2R) and the return-to-supply (R2S) configuration. When
introducing a new configuration of the DH grid, continuity and
momentum equations together with the thermal model have to be
defined and solved again, as shown in Fig. 3. Detail description and
graphical presentation of the connection configurations is given in
Section 3.2.

To improve the performance of the DH grid, a reference and two
alternative scenarios were analyzed in this study for both connec-
tion configurations of the prosumer, R2R and R2S. In the Reference
scenario, the main supply temperature was assumed to be constant
through the year, while the pump control was assumed a constant
frequency control. In the first alternative scenario, an improvement
in the control of the supply temperature was introduced; the
supply temperature was compensated by the outdoor temperature
in the scenario named the outdoor temperature compensation
(OTC). Finally, to improve the pressure distribution of the DH grid,
the second alternative scenario with the pump control (PC) was
introduced. To provide the required heat rate to each substation, a
minimum pressure drop of 0.7 bar at each customer substation
should be provided, meaning that the farthest substation from the
main heat supply should have an available pressure difference of
0.7 bar. For the PC strategy, the pump was controlled to maintain
the constant pressure difference over the pump of 3 bar. The
introduced boundary conditions are given in Table 2.

Finally, the entire calculation approach in this study consisted of
the following. For each connection configuration of the prosumer,
R2R and R2S, the test cases with different flow rates through the
prosumer (Case 1 to 3 in Table 1) together with the scenarios for the
improvement (Reference, OTC, and PC) were simulated by using the
approach shown in Fig. 3. Consequently, by using the input vectors
of heat load for each time step, hourly simulations over the entire
year were performed.
Table 2
Boundary conditions for different scenarios.

Scenario Boundary condition

Reference Constant frequency control
Reference T1 ¼ 75�C
PC Hp ¼ 3 bar
OTC T1 ¼ f ðToÞ
All scenarios p1 ¼ 1
All scenarios Tusers;Ret ¼ Trp

Fig. 4. Hourly heat demand and o

6

3. Case study

In this section, the analyzed DH system of NTNU university
campus in Trondheim, Norway, is explained. The heat loads, char-
acteristic parameters, and prosumer characteristics are explained.
According to K€oppen-Geiger climate classification, Trondheim
climate subtype is Dfc (Continental subarctic climate) [30,31]. In
this categorization Trondheim’s weather is characterized by short
and cold summer with strong seasonality. Hence, the demand for
heating is expectable all year around. The study in Ref. [32] mapped
the renewable photovoltaic and wind energy systemsworldwide. It
was found that regions with climate code Dfc such as Tromsø,
Norway have the largest potential for wind energy production,
however with the highest capital cost. Therefore, a large portion of
electricity needs could be covered by RES, making the waste heat
recovery from data centers more reasonable.
3.1. Description of the campus buildings

The NTNU campus has established its own DH ring, separate
from the main DH grid of Trondheim municipality by two heat
exchangers. This was done in order to enable the recycling of low-
grade excess heat generated in the data center. The campus’ DH
system utilizes two heat exchangers, to supply heating energy to 23
consumer buildings. Currently, the prosumer building is connected
to export heat to the return line (the R2R configuration) of the DH
system, due to the high supply temperature that was required in
the existing buildings. In our case, the data center is the heat pro-
sumer, because the same building had at the same time heat de-
mand and delivered the waste heat to the DH grid.

Thermal requirements for the buildings were obtained by col-
lecting heat use for each building from the energy monitoring
platform from 2010 until 2016. The analysis of the campus’ energy
use was performed earlier in Ref. [33], and this provides more de-
tails. In the current study, the models were calibrated and tested
according to heat use in 2016. The hourly heat demand of the
campus and the outdoor temperature variations in this year are
given in Fig. 4.
3.2. Layout of the DH network at the campus

The layout of the network with branches and nodes is shown in
Fig. 5. The nodes and the branches are numbered in black and red,
respectively. Node 1 is the main heat central, where the NTNU
utdoor temperature in 2016.



Fig. 5. Numeration of nodes and branches for the supply and return pipes.
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campus receives the heat from the Trondheim DH system. The
interaction of the data center with the campus DH grid was
calculated at the two nodes, 47 and 48, and for the two branches, 47
and 49, see Fig. 5, corresponding to the inlet and the outlet of the
prosumer unit. To investigate the possible solutions to integrate the
waste heat from the data center, two separate setups for the in-
terfaces of the heat pump and the primary side of the campus DH
ring were considered as follows:

� R2R - Return to return configuration e the flow from the return
pipes was guided to the condenser of the heat pump at the data
center. After that flow was warmed up, it was returned to the
return line again. To introduce this in the model, the two
additional branches in the return line were introduced,
branches 49 and 47; see Fig. 5. Since the analyzed data center is
the heat prosumer, using and delivering heat at the same time,
nodes 47, 48, 49, and 50 were physically located in the same
building, but, due to differences in the utility of the substations
in this building, they were separately considered.

� R2S - Return to supply configuration e the flow from the return
pipe was guided to the condenser of the heat pump at the data
center. After that flow was warmed up, it was returned to the
supply. To introduce this in the model, the connection of the
Fig. 6. Heat use and heat delivery of the pros
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waste heat injection to the DH grid should be removed from the
topology, by removing Nodes 48 and 49 and branches 49 and
50; see Fig. 5.

The maximum mass flow rates in the pipes were defined ac-
cording to the mass continuity in each node and the maximum of
1.5 m/s velocity limit, to prevent stress in the pipes. The diameters
of the pipe segments were determined according to the design heat
demands and assuming 25 K for the design temperature difference.
The pipe selected for the simulation of the case study is a single
flow pipe, insulated with polyurethane foam, with reference ther-
mal conductivity of 0.0260W/mK at 50 �C and surface roughness of
0.045 mm.
3.3. Thermal characteristics of the heat prosumer

At the observed campus, a building built in 1975with the area of
18 595.8 m2 has been extended over time. The building consists of
offices, lecture sales, and laboratories. Consequently, the building
got a data center. As the result, the building is still using heat and
delivering heat and thereby performing as a heat prosumer at the
campus level. The hourly heat rates of the heat use and delivery of
the prosumer building are shown in Fig. 6.
umer building at the university campus.
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From Fig. 6, it can be noted the waste heat from the data center
was delivering stably to the DH ring an average heat rate of almost
1 MW, while the heat demand of the building showed seasonality.
In total, the building specific annual heat use was 104 kWh/m2,
while the total annual heat delivery from the data center was
8.6 GWh per year.

Regardless of the development and initiatives to utilize the
waste heat from the data centers and to consider data centers
either as a third-part delivery or prosumers in DH [12], there is no
yet any clear technical requirement when a buildingmay be treated
as a heat prosumer [34]. In addition, there are only a few studies
such as in Ref. [17] to show directly the delivered heat rate from the
prosumer as shown in Fig. 6. The review study by Huang et al. about
the data centers as heat prosumers showed a detail list with many
different prosumer examples, but there is no clear indication the
real achieved numbers [12]. In this study, the starting points were
made based on the real measurements and really achieved heat
amounts.
4. Results

The results of the analyses how the heat prosumer affects the
DH network performance are presented in this section. The focuses
of the analyses were on the possible benefits and issues for the
analyzed scenarios. Thesemay be further used for the development
of new circulation pump control strategies and improvement in the
system sizing.
Fig. 7. Temperature distribution for analyzed scenarios:
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4.1. Thermal characteristics of the DH grid

The analysis of the thermal characteristics included the
following analyses: the temperature level at each node in the DH
grid, the return temperature at the main heating central, and the
temperature difference at some important consumer substations.
The analysis of the thermal characteristics included analysis of the
different prosumer connection configurations, the different control
strategies, and the different waste heat amounts; please see the
section on the simulation setup and Table 1.

The results for a typical winter and summer day for the tem-
perature at each node for the two different connection configura-
tions are given in Fig. 7.

The results in Fig. 7 show that the introduction of the heat
prosumer to the DH grid caused fluctuations in the temperature
level of the DH grid. For the R2R configuration, the highest devia-
tion from the expected average temperature was observed at Node
37, which was the closest to the data center. The temperature de-
viation was the smallest at Node 1, which was the farthest from the
data center. The most affected nodes were located close to the data
center. The return temperature at the main heat central for the R2R
configuration severely increased for the low heat demand condi-
tions (marked ‘summer’ in Fig. 7), as a result of the low heat de-
livery from the main heat central but the high heat injection in the
return line from the heat prosumer. For the R2S configuration, the
temperature distribution in the DH network was highly dependent
on which heat source was delivering most of the heat for the uni-
versity DH ring. In high heat demand and low heat demand
a) the R2R configuration, b) the R2S configuration.
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conditions, thewaste heat source covers roughly 10% and 87% of the
total heat demand, respectively. The supply temperature in the
Reference scenario was 75 �C. The waste heat was supplied at a
temperature of nearly 70 �C in the high demand condition (marked
‘winter’ in Fig. 7b). Therefore, due to the high average supply
temperature in the DH grid, the introduction of the waste heat had
the least effects on the nearby nodes; see Fig. 7b. For the same
condition and for the OTC scenario, where the supply temperature
was nearly 90 �C, the waste heat temperature was almost 80 �C.
This reduced the temperature of nearby nodes more than in the
Reference scenario. In the OTC scenario, this temperature reduction
effect was more obvious, because the waste heat source was not
able to cope with the outdoor compensated supply temperature in
colder conditions and, thereby, resulted in low-grade supply heat
for nearby consumers. However, in the low demand condition
(marked ‘summer’ in Fig. 7b), for the Reference scenario, even
though the temperature of the supplied waste heat was still lower
than themain supply temperature, thewaste heat provided enough
heat. Lowering the main supply temperature in the OTC scenario,
together with the lower heat demand in the warm season,
contributed to a successful utilization of the waste heat for most
customers. However, for the R2S configuration and the OTC sce-
nario, the nodes in the supply line were still under the effect of the
waste heat injection, but the return temperatures experienced
minor impacts; see Fig. 7b.

Regarding the interaction with the main DH system in Trond-
heim, it is very important to provide a low return temperature for
many reasons, such as lowering the distribution losses, less pump
power, and better utilization of heat sources. Therefore, the analysis
of the return temperature was performed to identify which pro-
sumer configuration and control may help lower the return tem-
perature, as shown in Fig. 8. The results in Fig. 8 included the values
for different heat amounts and flow rates of the waste heat; please
see Table 1 in the section on the simulation setup. The results in
Fig. 8 clearly show the effects of scenarios and adopting different
configurations. In the R2R configuration for the Reference scenario,
Fig. 8. Analysis of the return temperature at the main heat c
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the return temperature was mostly in the range of 55e60 �C, which
was higher than the design condition. However, the real mea-
surements of the return temperature showed the same trend.
Increasing the share of the waste heat for Case 3 decreased the
return temperature for both configuration scenarios and both
control strategies. For the R2S configuration, the first considerable
difference compared to the R2R configuration is the range of the
return temperature at the main heat central. For the Reference
scenario, the return temperature tended to be maintained in the
range of 50e55 �C for most hours. However, for the rest of the
hours, a decrease in the range was evident, because of the domi-
nant influence of the waste heat source; see Fig. 8a. In addition, in
the OTC scenario, the return temperature even reduced to 25e30 �C
and 30e35 �C for some hours, as a result of both lowering the
temperature level in the main grid and relying on the waste heat.
Increasing the share of the waste heat resulted in a reduction in the
return temperature.

Good water cooling or high temperature difference between the
supply and the return temperature in a consumer substation is a
sign of the proper operation of a substation [35,36]. The tempera-
ture differences for the two consumer substations, one close to the
waste heat source (Node 37) and one far from thewaste heat source
(Node 40), are shown in Fig. 9. To recall, to see the nodes’ positions,
please see Fig. 5. In the R2R configuration, the temperature differ-
ence at the observed substations was only affected by the heat
supplied by the main heat central. This meant that the increase in
the share of the waste heat injection to the return line would not
make significant temperature changes. Therefore, only the results
for Case 1 for the R2R configuration are shown in Fig. 9. For the
Reference scenario, the temperature difference was between 15
and 25 K. However, for the OTC scenario, the temperature differ-
ence achieved even 5e10 K in Node 37. Node 40 in the R2S
configuration experienced relatively higher temperature differ-
ences than Node 37. The temperature differences for Node 40might
be treated as good, even though slightly higher differences would
be beneficial. For the low heat demand conditions, Node 40 had a
entral for a) R2R configuration and b) R2S configuration.



Fig. 9. Analysis of the temperature difference at consumer substations: a) Node 37 and b) Node 40.
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lower temperature difference compared to Node 37. Further, due to
the lower supply temperature and dependency on the waste heat,
this difference was increased by adopting the OTC scenario.
4.2. Hydraulic analysis of the DH network

To enable desirable and reliable flow rates to each consumer
substation in the DH grid, including the heat prosumer, it was
necessary to analyze the pressure level in the DH grid. As explained
in Section 2.1 and with Equations (12) and (13), it was possible to
analyze the pressure level and the pressure difference in the DH
grid. The flow movement toward the farthest point of the DH
network creates pressure gradients, due to friction and hydraulic
Fig. 10. Pressure level in the network for the supply and the
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losses that lead to the pressure drop. The results on the pressure
level in the supply and return lines of the campus DH ring for a
typical winter day are given in Fig.10. Please note that, in Fig.10, the
pressure levels for the R2R configuration are given in the upper
part, while, for the R2S, they are given in the lower part of Fig. 10,
for all the control strategies introduced in Section 2.5. To calculate
the pressure level and the pressure drop in Fig. 10, the models were
calibrated based on the measurement data and the assumption
about the pressure drop per unit of the pipe length. Before the
pressure levels in the DH ring with the prosumer are presented, it is
important to note that the R2S configuration changes the flow
picture and how a streamline looks. In a traditional DH systemwith
only one central heat supply plant, there is a clear difference
return line a) R2R configuration, b) R2S configuration.
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between the supply and the return line and, therefore, the pressure
levels are presented in that way [24]. Therefore, in Fig. 10, the re-
sults are presented by following the streamline and not the ordinal
number of the nodes in Fig. 5.

Fig. 10 shows that pressure changes took place close to the
prosumer, specifically in Node 37, which was the consumer sub-
station closest to the prosumer; see Fig. 5. The pressure level in the
return line of the R2R configuration decreased after the heat pro-
sumer, due to waste heat injection and the pressure drop through
the prosumer. This meant that the pressure level in the return line
would be lower thanwithout a prosumer and it would cause higher
pressure differences for all the consumers after the prosumer. This
may be observed by the drop in the return line in Fig. 10a for the
R2R configuration. When introducing the PC strategy, the pressure
level in the return line was lower for the R2R configuration than
with the Reference scenarios. The reason for this was that the PC
strategy provided enough pressure difference in the system and at
the farthest consumer. The Reference scenario with the constant
frequency pump control did not provide enough pressure differ-
ence of 0.7 bar at the farthest consumer. This might cause the
farthest consumer to sometimes not obtain the desired flow rate, in
the Reference scenario. When introducing a heat prosumer with
the R2S configuration, the return nodes before the prosumer will
hydraulically become the nodes in the supply line. This is the
reason why the pressure level close to the prosumer in the return
line was higher than in the supply for the R2S configuration; see
Fig. 10b. Further, in Fig. 10b, it can be noted that the effect of the
waste heat injection on the pressure level at the nearby point was
significant for the R2S configuration. The pressure decreases in the
supply line due to the waste heat injection in the supply, R2S, led to
less available pressure differences for the buildings after the waste
heat injection.

After the pressure level analyses, it was possible to analyze the
pressure differences at all the substations. The pressure difference
analysis is important for understanding the available pressure for
the flow rate control of the consumer substation. As mentioned
before, the minimum of 0.7 bar pressure difference was required at
the user substations. However, the pressure drop difference was
sometimes below this limit during certain hours of the year, under
the Reference scenario in the R2R configuration. Fig. 11 shows the
analysis of this problem for Node 37 over one year.

Fig. 11 shows that the pressure difference at Node 37 was below
the minimum value when the waste heat injection increased. This
means that, during the months with low heating demand, the low
pressure difference problemwas evident. This happened due to the
Fig. 11. Pressure differ
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lower flow rate in the network. The low flow rate made the pres-
sure from the data center disturb the hydraulic balance of the
nearby users more than under the high heat demand conditions.
Under the high demand conditions, the pressure difference was
followed by a general pressure drop in the system. This problem of
the low pressure difference was partially avoided with the PC
strategy. Finally, this problemwas a bit less in the R2S configuration
and the PC strategy; see Fig. 11. The results in Fig. 11 show that the
R2R configuration gave higher pressure differences during certain
hours. High pressure differences over the consumer substation
would also decrease the flow control possibilities. The results in
Fig. 11 show that the R2S configuration gave a better pressure dif-
ference range, regardless of the control method.
4.3. Energy analysis of the DH grid with the heat prosumer

The results on obtained waste heat amount, temperature levels,
heat losses, and the overall annual performance are presented here
for the analyzed scenarios and the prosumer configurations. Firstly,
the results organized on amonthly level are presented and then the
annual performance is given. Fig. 12 illustrates the amount of waste
heat obtained in each month.

The results in Fig. 12 show that, for most of the cases, the ob-
tained waste heat decreased in the warmer months, except for the
two cases in the Reference scenario for the R2S configuration. The
reason for this increase in the obtained waste heat for Cases 2 and 3
was the high share of the waste heat in the DH network. However,
regardless of the high heat amount, the temperature level of the
waste heat might be an issue. During the warmer months, the
waste heat did not necessarily provide the best heat quality
regarding the temperature level as shown in Fig. 13. The results in
Fig. 13 show that Cases 2 and 3 in the Reference scenario for the R2S
configuration provided very low waste heat temperature,
50e65 �C, in a considerable number of hours. Looking at both
Figs. 12 and 13, an increase in the waste heat share resulted in
increased waste heat delivery, but the waste heat had lower tem-
perature levels.

The heat losses determine the DH competitiveness [8,24].
Therefore, the heat losses were analyzed when the prosumer was
included. The results showed that the waste heat utilization led to a
change in heat losses within the DH network. The heat losses as the
integral and percent values are given in Fig. 14. The integral values
for the thermal losses in the warmer months were less than in the
colder months, but their percentage share in the monthly heat
demand was higher in the warmer than in the colder months; see
ence at Node 37.



Fig. 12. Waste heat obtained from the data center per month.

Fig. 13. Waste heat temperature range.
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comparison of the upper and lower Fig. 14. Therefore, it may be
concluded that the intensity of heat in the DH network had a strong
impact on the DH heat losses. Increasing the share of thewaste heat
resulted in lower heat losses in all the analyzed scenarios, espe-
cially for the R2S configuration, where the average heat loss was
generally lower than for the R2R configuration. Finally, for Case 3 in
the OTC strategy and for the R2S configuration, the amount of heat
loss was considerably decreased and deviated less from its average.

Finally, the overall energy performance presented as annual
waste heat obtained, the total electricity, and the circulation pump
use are presented below. Fig. 15 compares the obtained annual
waste heat from the prosumer in the DH system under two sce-
narios, while Fig. 16 shows the annual amount of heating losses at
the campus DH ring. The Reference scenario showed a higher
amount of the obtained waste heat for both configurations. For
example, the R2S configuration for the Reference scenario could
harvest 19% more waste heat than the R2R configuration and
12
thereby saved additional 7% of the total heat use. However, as
mentioned with Fig. 13, the high temperature of the waste heat was
not guaranteed. The reduction in the supply temperature levels
when the outdoor temperature increased led to heat recovery with
the lower temperature values for the OTC strategy. As the result of
this effect, the contribution of the waste heat to cover the campus
heat demand gradually increased with the increase in the flow rate
through the prosumer; see Case 3 in Fig. 15. The configuration
change from R2R to R2S caused increase in the harvested waste
heat and this effect was higher for the Reference scenario than for
the OTC. In the Reference scenario for the flow rate of Case 2, the
R2S configuration could harvest 14% more than R2R.

The annual heat losses were lower when the share of the waste
heat was increased and lowered by the OTC strategy; see Fig. 16,
where it is possible to notice that the R2S configuration showed
better results for limiting the heat losses, regardless of the
increased amount of the obtained waste heat. On average for Cases



Fig. 14. Thermal energy loss in the network, a) monthly amount b) percentage of monthly demand.

Fig. 16. Comparison of the annual heat losses.

Fig. 17. Comparison of compressor electricity use.Fig. 15. Comparison of the obtained annual waste heat.
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1 to 3, the change from the R2R to the R2S configuration gave 4%
decrease in heat losses, while the improved supply temperature
13
control with the OTC scenario gave 14% decrease in heat losses.
The annual electricity use for the heat pump compressor and for

the circulation pump in the DH network are given in Fig. 17 and
Fig. 18, respectively. The amount of electricity used by the heat
pump compressor depends on the return water temperature to the
data center. Therefore, the compressor’s electricity use was lower
for the OTC scenario. Further, a very important conclusion may be
drawn from Fig. 17 that, when increasing the share of the waste
heat (from Cases 1 to 3) by increasing the flow rate toward the data
center for approximately 50%, the compressor’s electricity use
increased very little, because the temperature levels were still the
same, while the compressor power increased very slightly. Finally,
the most important conclusion from Fig. 17 was that the R2S
configuration only increased the compressor electricity use a little.
However, as emphasized above, the OTC strategy helped to
decrease the compressor power for all the scenarios. On average for
Cases 1 to 3, the change from the R2R to the R2S configuration gave
about 7% increase in the compressor electricity use, while the
improved supply temperature control with the OTC scenario gave
17% decrease in the compressor electricity use. When observing



Fig. 18. Comparison of the annual electricity use for the circulation pump.
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only the R2S configurationwith the OTC scenario, a decrease of 15%
was achieved compared to the Reference scenario.

Regarding the results in Fig. 18, it is important to point out that
the annual circulation pump electricity use for the R2R configura-
tion was not affected by the different shares of the waste heat.
Therefore, the circulation pump electricity use for the R2R config-
uration is presented with only one column for the Reference and
OTC scenarios. However, the circulation pump’s electricity use for
the R2S configuration showed dependency considering the waste
heat amount; see Case 1 to Case 3 for the R2S in Fig. 18. Adopting
the PC scenario considerably decreased the circulation pump’s
electricity use, because it kept the pressure difference at a constant
level. Finally, the PC scenario resulted in a potential annual elec-
tricity saving for the circulation pump of 33% for the R2R configu-
ration and 34% for the R2S configuration compared to the Reference
scenario. When analyzing the hourly electricity use of the circula-
tion pump, it was found that, despite at times slight increases in the
maximum circulation pump power under the PC scenario, the
pump’s electricity use reduced. This could be an advantage for
controlling the pressure cones of the prosumer, specifically when
the heat demand of the DH network is low, and the effect of the
prosumer is more significant at nearby nodes.
5. Conclusions

The study analyzed the operation of a data center as a heat
prosumer for the DH ring on the university campus in Trondheim.
The thermal and hydraulic behavior of the DH grid was investi-
gated, considering real operation data for one year. The aim of the
study was to develop data informed physical models for simulation
of DH grids for better presentation of hydraulic and thermal aspects
in the DH grids integrating heat prosumers.

The analysis identified that utilization of the waste heat from
the local heat prosumer had both advantages and limitations. The
analysis of the hydraulic model showed that the heat prosumer as a
secondary heat source produced its own pressure cone in the DH
network. Further, it was found that the heat prosumer had a
negative effect on the differential pressure of the nearby customer
substation. The effect scaled up when the share of the waste heat to
the DH grid increased. However, the implementation of the variable
frequency control for the circulation pump resulted in an
improvement in the pressure balance for the nearby consumer
substation. Finally, the improved pump control resulted in a po-
tential annual electricity saving of 33% for the R2R configuration
and 34% for the R2S configuration compared to the Reference
scenario.
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The results of the study showed that the supply temperature
control reduced the heat losses and thereby increased the advan-
tages of the DH system. Further, the lower temperature levels
resulted in higher waste heat utilization. It was revealed that the
higher share of circulating water in the heat prosumer caused a
reduction in the water temperature introduced by the waste heat
source. A very important conclusion for this study is related to the
DH return temperature. The analysis of the return temperature
showed that the R2S configuration resulted in a lower return
temperature. Finally, increasing the share of the waste heat
decreased the return temperature for both configurations, R2R and
R2S, and both control strategies.

The comparison of the R2R and R2S configurations to integrate
the heat prosumer showed that the increase in the electricity use of
the heat pump’s compressor was not significant for the R2S
configuration. For example, the average increase of the compressor
electricity use was 7%, while implementation of the OTC scenario
gave a decrease of the compressor electricity use of 17%. This is
important, because the R2S configuration showed better perfor-
mance regarding achieving the lower return temperature to the DH
system and better pressure difference over the nearby consumer
substation.

Finally, integration of the heat prosumer could be advantageous
on the way to a renewable society, if relevant measures regarding
the pressure and the temperature control were considered. As
shown in the achieved waste heat, the configuration change from
R2R to R2S caused gave up to 7% lower total heat supply.

The results of the study may be used to identify the potentials
and how to integrate a heat prosumer in the existing DH system.
Further, the results may be used to find new and innovative solu-
tions for the pressure and temperature control. Future work will
consider an integrated pressure and flow control between the cir-
culation pump and control valves in the buildings.

Although a few assumptions were introduced for the models, all
the introduced models were calibrated with the measured data,
and the achieved operation results were presented in detail.
Therefore, themain conclusions and the trends from this studymay
be treated as valid and relevant for considering the integration of
heat prosumers to DH systems.
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