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Power production from excess heat in a district heating system
JONATHAN WINTHER

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

Goteborg Energi is contemplating whether excess heat in the district heating (DH)
system of Gothenburg can be used to produce electrical power. An ORC solution
for electric power production is sought and a handful of options are found. Through
an elimination process only one solution remains; an ORC-based heat engine from
the company ClimeOn. The heat from the cold side of the ORC machine is stored
in a seasonal borehole thermal energy storage (BTES) system. The specifications
of the district heating system such as temperatures and flow rates are collected and
investigated as well as relevant weather data. A base case is set up as a reference
case for comparing the results. A BTES is designed and simulated as well. The
placement of the ORC machine within the district heating system of Gothenburg
is determined and the power production is also calculated. A sensitivity analysis
with different temperatures and flow rates is also carried out and presented. Five
other cases are set up from the sensitivity analysis. A life cost analysis is done on all
the cases. Three different electricity prices are investigated; 85 SEK/MWh (low),
282.5 SEK/MWh (mean) and 448.4 SEK/MWh (high). The results show that when
operating seasonally between May-September the net present value (NPV) is not
favourable. However, in Case 5 where an all-year operation is assumed, the NPV
is positive if the electricity price is average or above average. A payback period of
10 and 28 years is achieved when considering a high and average electricity price
respectively.

Keywords: ORC, District Heating, BTES, Power Production, Waste Heat, ClimeOn,
Goteborg Energi.
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Introduction

1.1 Background

The need for heat and electricity has long been known to exist and it is one of the
many necessities in modern society. This demand sets high expectations on both
reliability and flexibility, which can be provided by energy companies using modern
technology. Heat can be distributed and delivered using district heating systems
and electricity with the help of the electrical grid system.

In colder regions the usage of district heating is larger than in warmer regions.
One particular cold region is Sweden where the concept dates back to the 1940s.
Sweden’s first district heating system was built in 1948 (Werner, 1989). Today the
infrastructure is somewhat different, however, the concept remains the same i.e to
provide the surrounding municipality with heat. In Gothenburg, which is a large
city in Western Sweden, the district heating system is managed by the energy com-
pany Goteborg Energi. The company supplies heat to approximately 90% of all
the apartment buildings in the city and surrounding municipalities, as well as to
other facilities such as industries and public facilities. The heat consists mainly
of waste heat provided by the local combined heat-and-power (CHP) and heating
plants (Goteborg Energi, 2017a).

During winter the demand for heat is at its peak, whereas during the summer resid-
ual heat is produced due to low heating demand (Géteborg Energi, 2012). One way
to utilize this excess heat is to store it seasonally in a low-temperature borehole ther-
mal energy storage (BTES) during periods of low heat demand (Siiskonen, 2015).
The stored residual heat can then be extracted when the demand exists.

To further develop the process of storing heat in the BTES an organic rankine cycle
(ORC) machine can be connected between the DH system and the BTES, using
the excess heat as the driving force for the ORC machine. In this way, electrical
power can be produced whilst still providing adequate temperature levels for the
district heating system as well as maintaining the low temperature levels used for
heat storage in a seasonal BTES.

Goteborg Energi is contemplating whether such a system could be a useful asset to
the district heating system of Gothenburg.
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1.2 Project aim

The objective of this thesis is to find and evaluate a solution for power production
using the district heating system of Gothenburg as the heating source and a BTES as
the cooling source. It will be virtually placed in a suitable location within the district
heating system and evaluated. Power production and other relevant parameters such
as the life cost analysis of the investment are to be calculated and analyzed.

1.3 Project goals

To properly define the project several questions need to be answered. These ques-
tions are presented below and constitutes the project goals.

e Where can the solution be placed?

o What are the optimal temperature and mass flow settings for the solution?
o How much electricity can the solution produce?

o How will the energy prices affect the solution?

« Will the solution be profitable?

1.4 Scope & limitations

The thesis will not take into account any new projects affecting either the district
heating system or the BTES due to the use of previous statistical data. During
calculations parameters such as temperatures and mass flows are considered as con-
stants for simplification purposes, however, different temperatures and mass flows
will be tested. Pressure losses in the system are not accounted for due to uncertainty
of the components and lack of hands-on testing, especially in the case of the chosen
solution.

Any costs or other aspects related to the drilling of a new BTES system or instal-
lation of a new heat pump will not be considered and is assumed to already be
installed. Selling the heat stored in the BTES or heat costs for the usage of the
DH will not be accounted for, as well as heat pump costs. The heat capacity of the
district heating system is considered to be unlimited due to the sufficient amount of
heat it can provide to the chosen solution. Heat losses within the district heating
system will not be relevant as the system is assumed to be ideal.
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Theoretical background

The thesis uses a variety of terms as it involves concepts including; A district heat-
ing system (DH), a low-temperature borehole thermal energy storage (BTES), an
organic rankine cycle (ORC) and electricity prices and certificates. These terms will
be explained in detail in the following sections.

2.1 District heating

The main purpose of the district heating system is to distribute heat to the sur-
rounding municipality. The heat can come from different sources. Low-grade in-
dustrial waste heat and renewable energy sources such as geothermal, solar energy
and biomass boilers are some examples (Werner, 2017). The heat travels in isolated
ground pipes often using water as the medium. The reason for using water as the
circulation medium is the beneficial thermodynamic properties as well as the avail-
ability and economical aspect it possesses (Tchanche et al., 2011). A district heating
system consists of two parts; the supply side and the consumer side, both connected
in a closed-loop system. An overview of the system is presented in Figure 2.1.

2.1.1 Supply side

The supply side is the hot side of the district heating circuit, in which the cold
return water from the consumer side is reheated by using a heat exchanger. Heat
is usually exchanged with exhaust gas or a steam extraction from e.g. industrial
processes or a boiler. In the heat exchanger, the exhaust gas or steam is either
cooled down or condensed into liquid due to the sudden temperature drop. The
outgoing temperatures of the heat exchanger, supplying the DH heat, are often in
the ranges of 60-105°C depending on the desired temperature. The mass flows on
the supply side can vary greatly depending on the amount of pumps present (Gadd
and Werner, 2014; Lund et al., 2014).

2.1.2 Consumer side

On the consumer side the heat is absorbed by the consumers, or the customers of
the energy company. Individual heat exchangers are placed before every facility
or building connected to the district heating system to heat up the internal water
circuit. The flow rate of the water is easily controlled by adjusting the intake amount
using valves. The average return temperature for Swedish district heating systems

is 47.2°C (Gadd and Werner, 2014).
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Hot water
Exhaust
heat = ] ™ Heat
(steam/gas) exchanger
District N
Supply ereat | heating Heat | CoOnsumer
side Y system o side
Condensate/cooled | Heat
gas B Return exchanger
feedwater

Figure 2.1: Overview of a district heating system

2.1.3 District heating system of Gothenburg

The district heating system of Gothenburg covers a total distance of 1400 km, from
Askim to all the way up to Skepplanda, see Appendix A. It has a total production
capacity of 1800 MW and a yearly heat production of 3500-5000 GWh, mostly from
recycled energy and renewables (Forsgren, 2017). Some part of the heat is provided
from the Rya combined heat-and-power (CHP) plant, Rya heat pump plant as well
as the heating plant Savenés. All three are owned by Géteborg Energi. Waste heat
is also provided by the waste CHP plant owned by Renova and the oil refineries
owned by St1 and Preem (Géoteborg Energi, 2017b). The largest energy producing
facilities within the district heating system are summarized in Table 2.1.

The temperature of the hot water supplied from the DH system ranges from 70°C
to 105°C depending on the outdoor temperature and the return water temperature
is assumed to have an average temperature around 42°C (Goéteborg Energi, 2017c¢).
In Figure 2.2, the correlation between district heating and outdoor temperature is
presented using two different curves. The red curve shows the curve presented to
the customers and has a mean supply temperature of 67°C. However, according to
Goteborg Energi the mean supply temperature of 80°C can be used for sizing the
ORC solution (Goéteborg Energi, 2017d). Hence, the green curve is obtained by
approximation.

4
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Figure 2.2: Correlation between district heating temperature and outdoor tem-
perature (Goteborg Energi, 2016b)

The energy price of the heat provided by the district heating system is presented in
three categories in Table 2.2. The relationship between the three categories winter,
autumn/spring and summer relates to the fluctuating demand during the year.

Table 2.1: Larger energy producing facilities within the district heating system
and their approximate heat production, data from 2016 (Goteborg Energi, 2017d)

Facility Approximate heat production (GWh)
Rya heat and power plant 300

Rya heat pump plant 500

Savends plant 400

Oil refineries 1200

Renova heat and power plant | 1200

Table 2.2: Energy prices for district heating in Gothenburg (Géteborg Energi,
2017¢)

Year | Period Price (SEK/MWh)
Winter (Jan, Feb, Mars, Dec) 516

2017 | Spring/Autumn (Apr, Oct, Nov) 355

Summer (May, Jun, Jul, Aug, Sep) | 99

Winter (Jan, Feb, Mars, Dec) 519

2018 | Spring/Autumn (Apr, Oct, Nov) 357

Summer (May, Jun, Jul, Aug, Sep) | 99
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Mass flows in the system vary depending on the heat demand. Within the district
heating system different locations will have different flow rates and this relates to
the number of multi-family house buildings present (Goteborg Energi, 2016b). Nev-
ertheless, the district heating system is somewhat flexible in terms of water flow rate
and can in most cases provide an adequate flow rate for any situation (Géteborg
Energi, 2017d).

2.2 Borehole thermal energy storage

A BTES is a type of underground thermal energy storage (UTES). The general con-
cept of a BTES is to store heat underground where the earth’s crust can act as an
isolating medium. By drilling deep holes and inserting pipes in the form of heat ex-
changers, heat can be maintained for a long period of time. Inside the pipes is either
water or brine depending on the ground and heat extraction temperatures (Abhat,
1981; Sanner et al., 2003). The boreholes usually have a diameter of around 100-150
mm (Reuss et al., 1997). For underground storage applications seasonal storage is
the most common one (Sibbitt et al., 2012), however this choice depends on the area
of application.

The depth is an important factor that is strongly considered as different depths may
affect the storage temperature. Popiel et al. (2001) presents three different ground
depth intervals; Surface zone, Shallow zone and Deep zone with their respective
properties.

Surface zone (<1m) - Providing limited isolation abilities this depth is extremely
vulnerable to sudden weather and temperature changes.

Shallow zone (1-8m) - This zone provides moderate isolation and only varies season-
ally, following the long-term weather changes. The depth for this zone is dependent
on the density of the soil and can reach down to 20 metres if the soil proves to be
heavy.

Deep zone (>8-20m) - Here temperature changes occur at slower rates. Looking
from a seasonal perspective the temperature can be considered constant.

Modern BTES systems always operate within the deep zone due to the fact that
it is fairly easy to control the temperature levels and the risk of steep temperature
gradients is minimized (Zhai et al., 2011). A common borehole depth is 30-200 me-
ters (Socaciu, 2011). The temperature levels of a BTES system can vary but for a
low-temperature system, which is considered in this thesis, the temperature levels
are between 0-40°C (Reuss et al., 1997). A simple overview of a BTES system with
seasonal storage and a connected ground-source heat pump (GSHP) is presented in
Figure 2.3.
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GSHP
(Ground-source Healt
heat pump) Supply

Heat Heat

Injection Extraction
source | exchanger

BTES (seasonal)

Figure 2.3: Overview of a BTES system with seasonal storage and a GSHP

2.2.1 Storage type

In a BTES, sensible storage is used as it allows for fairly simple designs. The temper-
ature levels are also quite low, which does not indicate a phase-change in commonly
used fluids such as water (Socaciu, 2011).

In general there are two types of storage systems; open and closed. A BTES is
considered a closed system (ICAX™ 2018). The difference between an open and
closed system is that the open system involves having the outlet pipe connected to
the deepest end of the borehole and the inlet pipe close to the top end. This allows
for direct exchange of fluid inside an aquifer. A closed system however does not
allow direct contact of the heat transferring fluid to the surrounding ground as it is
inserted as a closed loop. One benefit with this method is that it is not as prone
to temperature changes by the surrounding groundwater as the open type (Sang,
2010). It also avoids problems regarding changes in water chemistry due to mixing
(Nielsen, 2003; Socaciu, 2011). The two types are presented in Figure 2.4.

Inside the system different borehole heat exchanger (BHE) designs can be con-
structed. Presented in Figure 2.5 are three common types of BHE (Socaciu, 2011).
In the figure the red represents the BHE supply pipe, blue represents the BHE re-
turn pipe, gray represents the grouting material and black represents the pipe and
borehole walls. Depending on the geometry, thermal conductivity and grout type,

7
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different thermal efficiencies can be achieved (Pahud and Matthey, 2001). The
material of the pipes also has an effect on the thermal performance (Schmidt and
Mangold, 2006). The ambient climate conditions are also to be considered when
choosing the heat exchanger type (Florides and Kalogirou, 2007). When operating
at deeper levels within a BTES system the concentric, or coaxial, design proves to
be better in terms of hydraulic and thermal optimisation (Rybach and Hopkirk,
1995). Double U-tube configurations reduce the borehole thermal resistance by up
to 90% in comparison to single U-tube and is therefore more favorable in terms of
thermal performance (Zeng et al., 2003). Lastly, the filling material, also known as
grouting is a very important consideration as it ensures good thermal contact with
the surrounding ground as well as preventing circulation of ground water (Pahud
and Matthey, 2001; Reuss et al., 1997).

a) L b)

Figure 2.4: The difference between open (a) and closed (b) thermal energy storage

systems
Single U-pipe Concentric pipe Double U-pipe
Borehole
Grouting Borehole Borehole wall
wall wall

Supply Return Grouting Supply Return

Grout Supply  Re™ _Grout

injection Injection

Figure 2.5: Three different types of BHE; Single U-pipe, concentric and double
U-pipe
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2.2.2 Storage modelling

There are generally three important parameters to take into account when mod-
elling a BTES; the undisturbed ground temperature, ground thermal conductivity
and borehole thermal resistance. Both the undisturbed ground temperature and
ground thermal conductivity are ground properties fixed for a certain location, which
means that the location has to be carefully considered. The thermal resistance is
determined by the design parameters of the BTES system.

Undisturbed ground temperature

This parameter is affected by the different ground depth zones explained in Section
2.2. The undisturbed ground temperature increases with increased borehole depth
when considering the deep zone. To model this parameter, an average value of the
ground temperature is often used (Vieira et al., 2017).

Ground thermal conductivity

The ground thermal conductivity determines the heat transfer rates within the
BTES system. This can vary depending on the type of rock that is present at
the location. A higher value of the ground thermal conductivity yields higher heat
transfer rates (Nordell, 1994).

Borehole thermal resistance

The thermal resistance of a BTES system determines the size of the BHE, the
installation costs and the overall performance of the system. It is the thermal
resistance between the working fluid and the ground within the system. A low value
for the borehole thermal resistance is desirable, as it gives improved heat transfer
capacity (Javed and Spitler, 2016; Claesson and Javed, 2018).

2.2.2.1 BTES simulation softwares

In order to simulate a BTES system it must first be modelled properly in a suitable
software. There are two different BTES modelling types; duct storage model and
superposition borehole model, also known as g-functions approach. The duct stor-
age approach has been implemented in the softwares TRNSYS and PILESIM. The
g-function approach has been implemented in the simulation softwares GLHEPRO,
Polysun and EED. The softwares are briefly described below.

TRNSYS is a software that was first specialized for solar heating simulations. It is
very adaptable, as various components can be imported through different libraries.
An example of such a library is the TESS package, a library including all the compo-
nents needed for a simulation of a thermal energy storage system. Locations-based
weather data is also available within the software for simulation of different locations
(Persson et al., 2016).
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PILESIM is an excel-based software that can be used for simulation of BHEs. The
simulation software is based on TRNSYS but is more user-friendly. PILESIM can
simulate the heating and cooling demands of a building, with the specific heat flows
shown in a sankey diagram. However, the software can not take into account smaller
BHE systems or uneven borehole formation configurations (Pahud and Fromentin,
1999).

GLHE-PRO is used for simulation of vertical BHEs. The software can perform sim-
ulations on a variety of different configurations of a BTES system, approximately
307 different configurations. It can conveniently determine the in- and outgoing
temperatures, depth and heat extraction rates of the boreholes in a user-friendly
environment (Spitler et al., 2016a).

Polysun is a simulation software adapted for geothermal systems and solar-based
applications. To simulate BTES systems, a model called ground source loop must
be used. The software can simulate all three BHE types presented in Figure 2.5.
Heating and cooling demands for a building can be simulated with different building
dimensions and types, along with domestic hot water demand (Persson et al., 2016).

Earth Energy Designer (EED) is a software used for simulation of BTES systems.
The main focus of the software is to simulate the BTES system only and therefore
the system boundaries are set accordingly. An optimization tool is available within
the software to determine borehole depth based on the desired design parameters
and results expected (Persson et al., 2016).

Overall, different parameters and properties related to the BTES design must be
set in the software used for simulation. In the list below are a few examples of
parameters needed for modelling a commercial BTES (Nordell, 1994).

» Storage volume » Borehole spacing
e Soil cover o Borehole diameter
o Type of rock  Circulation system type
— Thermal conductivity o Injected energy/year
— Thermal capacity » Extracted energy/year
e Storage land area o Max. supply temperature
e Number of boreholes e Min. leaving temperature
e Borehole depth o Heat pumps

2.2.3 Heat pump

A heat pump is used to elevate an existing temperature using a thermodynamic cir-
cuit similar to the one of a heat engine, see Section 2.3. The only difference between
them is the use of a compressor instead of a turbine and an expanding valve instead
of a pump, shown in Figure 2.6. This difference makes Ty > Tsouree and forces
the compressor to increase the pressure and temperature of the working fluid with
the help of added electrical energy.
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Compressor —

Source Evaporator Heat pump Condenser Sink

— L

Expansion
valve

Figure 2.6: Schematic of a heat pump

A heat pump, more specifically a GSHP, is used in a BTES in order to elevate
the outgoing temperature when extracting heat from the seasonal storage. The
performance of a heat pump is measured as coefficient of performance (COP), shown
in Equation 2.1.

Qheat o Tsource

COP = =
Wel Tsink - Tsource

(2.1)

Here the outgoing heat is divided by the electrical power consumed to achieve the
COP. For this reason the COP is similar to efficiency, but measured for heat pump
systems instead. It is always > 1.

2.3 Organic rankine cycle

An ORC is in many ways similar to the traditional rankine cycle with the exception
of not using water as the working fluid. Water is inefficient in terms of thermal
performance for temperatures under 370°C (Hung et al., 1997; Minea, 2014). An
organic fluid is used instead, decreasing the temperature required for the cycle.
Other advantages of using an organic fluid includes lower operating pressures and
reduced condensation after expansion when using dry fluids (Hung, 2001). The use
of single-stage turbines can also decrease the pressure ratio due to the low tem-
perature difference between the evaporator and condenser (Tchanche et al., 2011).
Utilizing single-stage ORC systems without reheat or regeneration can also prove to
be economically beneficial due to the decreased use of heat exchangers (Erbag and
Biyikoglu, 2013).
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2.3.1 Principle

The main purpose of an ORC is to produce useful work from lower temperatures. It
does so by taking advantage of a thermodynamic process using two heat exchangers,
a pump and a turbine. The circuit requires a heat source and a heat sink in order
to operate, with the general principle Tiource > Tsink- The maximum theoretical
thermal efficiency of an ORC is shown in Equation 2.2. The electrical efficiency of
a classic ORC cycle can vary but is around 6.6-7.6% when utilizing a heat source
temperature between 85-116°C and a cooling source temperature between 15-30°C
(Minea, 2014). In Figure 2.7, the circuit of an ORC is presented.

Tsource - Tsink
Nmaz = (22)

TSOUT’CB

1 Generator

Turbine @

1 2 _1

Organic
Source Evaporator Rankine Condenser Sink
Cycle

Q-

Pump

Figure 2.7: Schematic of an ORC with processes 1-4

In process 4-1, a hot and highly pressurized fluid or gas enters the heat exchanger.
The heat is transferred to the inner circuit fluid and evaporating it into hot steam,
increasing both the temperature and enthalpy greatly. Heat transferred to the work-
ing fluid is given by Equation 2.3. Here 7),q, is the efficiency of the evaporator, m
is the mass flow rate of the ORC working fluid and h; and h4 are the enthalpies of
the outgoing and incoming fluid, respectively, in the evaporator.

Qevap = Nevap * m - (hl - h4) (23)

In process 1-2, the steam is led into a turbine and expanded, thus decreasing pres-
sure, enthalpy and temperature. Momentum from the expansion is then transferred
to the connected generator, producing electrical energy. The steam leaving the
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turbine can either be wet or dry depending on the pressure drop after expansion.
Electricity produced from turbine work is presented in Equation 2.4.

Pet = Ngen * Mis 110+ (b1 — ho) (2.4)

In process 2-3, the steam enters the condenser on the heat sink side. The steam is
then condensed into liquid by heat rejection in the heat exchanger. This process is
both isobaric and isothermal, therefore only the enthalpy is decreased. A common
medium for cooling the expanded steam is either water or air. The heat rejected to
the cooling medium is shown in Equation 2.5.

Qcond = MNecond ° m - (hQ - h3> (25)

In process 3-4, the liquid leaving the condenser has a low pressure level, as well as a
low enthalpy. To be able to expand in the turbine, the pressure is increased by using
a pump or compressor, hence increasing the enthalpy and temperature as well. The
pump work is given by Equation 2.6.

Wpump = Mpump * m - (h4 - h3> (26)

2.3.2 Organic fluid

The organic fluid can be chosen based on the given application. There is no optimal
fluid for all cases (Quoilin et al., 2011). However, there are a few organic fluids that
are more suitable for temperatures in the lower spectrum, see Table 2.3. These fluids
are optimal for ORC-based applications using low-grade waste heat at <100°C and
can, for example, be used together with a district heating system. The low boiling
point of the working fluids allows for increased fluid pressure as the boiling point
increases. Nevertheless, the evaporation temperature should still be under the heat
source temperature to allow the fluid to properly evaporate.

2.3.3 Case studies on low-temperature ORC

Previously, there has been a few case studies involving lower ORC temperatures.
One particular case is the Paratunka geothermal power plant in eastern Siberia
(Moskvicheva and Popov, 1970). It was established in 1967 as a binary power plant
and produced both electricity and hot waste water for a nearby village. The plant
used the organic working fluid R-12 to power the ORC cycle of the plant and used
geothermal wells to extract water at 81°C to evaporate the fluid. A cooling temper-
ature of 14-20°C was utilized and the maximum electrical output was measured to
be 340 kW. This is one of the lowest measured heat source temperatures used for
power generation reported in literature.

Aneke et al. (2011) presented a computer simulation of the Chena Geothermal Plant
in Alaska, performed in the software IPSEpro. This was done to validate the plant’s
performance at different heat source temperatures. The plant took advantage of the
nearby hot springs, delivering a heat source temperature of 73.33°C and a mass flow
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rate of 33.39 kg/s. Wet fluid R134a was used as the working fluid in the system and
the net power output was measured to 210 kW. The conclusion of the report was
that the plant was a feasible solution for low-temperature power generation.

Table 2.3: Properties of different working fluids operating at lower temperatures
(Hung et al., 2010; Zhang et al., 2016; DuPont, 2009)

Type Fluid Tcritical (OC) Pcm’tical (MP&) Tevap (OC) hfgatm (kJ/kg)
R-11 197.85 441 23.05 178.8
R-12 -161.35 4125 -29.95 166

| R-134a | 101.96 4.0593 -26.07 217.1

Wet fluids | ¢ 159a | 116.25 4.45 -25.15 318.4
R-500 | 105.45 4.43 -33.65 200.8
R-502 | 82.05 4.075 -45.55 172.5
R-113 | 214.15 341 23.15 182
R-114 | 145.85 3.261 3.55 131.8
R-123 | 183.75 3.67 27.9 1715

Dry fluids | F141b | 20435 4.212 32.05 ;
R-227ea | 101.75 2.925 -16.34 131.77
R-236ea | 139.29 3.502 5.8 ]
R-245ca | 174.42 3.925 925.13 ;
R-245fa | 154.01 3.65 15.14 ;
R-600a | 134.66 3.629 11.8 ;

Pikra et al. (2015) presented a geothermal case done in Indonesia. The study in-
volved several different geothermal heat sources ranging from 70-80°C. The goal
was to determine the most suitable energy source in terms of location. In the ORC
system, R227ea was used as working fluid and 18 different areas were investigated.
The study came to the conclusion that only two of the 18 geothermal areas were
viable for power production. This was mainly due to the high mass flow rate of the
hot water in the springs. An output power of 130.13 kW was ultimately recorded.

Kosmadakis et al. (2016) performed an extensive research on different heat sources
and temperatures for an ORC system. The paper presented 16 different cases of
ORC power production. The working fluids used were R123, R134a and R245fa
with heat source temperatures ranging from 70-100°C. All the cases were simulated
using an ORC setup in a laboratory, controlling temperature, mass flows, pressure
and heat input accordingly. The rig was coupled with solar PVs and thermal col-
lectors in order to improve the efficiency and the overall results were favorable with
respect to the low source temperature.

Kolasinski (2015) published a paper on an ORC study performed in a lab, using an
experimental test rig. Heat source temperatures between 40-90°C were tested. The
setup used a multivane expander which proved to be very useful when operating
at low temperature and pressure levels. A minimum net power output of 123 W
and a maximum net power output of 393 W was achieved when using a heat source
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temperature of 40°C and 90°C respectively. The paper concluded that a high heat
source temperature along with a high expansion ratio was desirable in terms of in-
creasing the net power output.

Borsukiewicz-Gozdur (2013) presented an experimental investigation of an ORC
system heat exchanging with a district heating system. The setup used refrigerant
R227ea as working fluid and a hot water source temperature of between 66.8-111°C.
An overall electrical efficiency of 4.88% was measured for the ORC system.

2.3.4 Several commercial companies providing low-temperature
ORC-based solutions

2.3.4.1 Calnetix

Their ORC model Hydrocurrent™ ORC 125EJW utilizes an Integrated Power Mod-
ule (IPM) with a built-in high-speed turbine expander and a high-efficiency gener-
ator coupled in a single casing. The product is specifically made for maritime ap-
plications, converting heat from engine jacket water in ships into usable electricity
(Calnetix Technologies, 2014). As of 2015 the working fluid R245fa is used in their
product (Mitsubishi Heavy Industries Marine Machinery & Engine Co., Ltd., 2015).

2.3.4.2 Climeon

Climeon provides a low temperature solution for power production using a modern
ORC setup. Their product come in two different versions; Module and PowerBlock,
which are single and serial connected units respectively (ClimeOn, 2017c). The
working fluid is currently not disclosed by the company. They are also in possession
of several different patented technologies such as their Air Trap Unit (Ahlbom,
2017).

2.3.4.3 ElectraTherm

ElectraTherm have three different models in their product series Power+ Genera-
tor™; 4200, 4400 and 6500. The technology uses a twin screw expander together
with a generator in order to generate the electricity in the ORC system. The working
fluid used is R245fa (ElectraTherm, 2017).

2.3.4.4 E-rational

E-rational provides a compact solution involving a single-screw expander as well as
an asynchronous generator. There are three different models, 10F'T for indoor appli-
cations and 20FT & 40FT for outdoor applications (E-rational, 2017). Refrigerants
used as working fluids are either R245fa or SES36 depending on the temperature
levels (GB Energy Europe, 2017).
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2.3.4.5 Orcan Energy AG

Specialized in energy and fuel savings, Orcan Energy AG supplies a flexible prod-
uct for low-temperature ORC power production. One of their products is called
efficiency Pack or ePack. It is mainly used for marine applications in small freight
ships. The working fluid used is not disclosed publically but is known to be a
refrigerant of standard sort (Orcan Energy AG, 2017).

2.3.4.6 Myriad

Myriad offers an ORC solution in their Ultra Low Heat (ULH) series, consisting
of three different models; ZE-30-ULH, ZE-40-ULH and ZE-50-ULH. The models
operate on an unknown mixture of hydro-fluorocarbon based refrigerants (Myriad,
2017).

2.3.4.7 Viking Heat Engines

With the help of an automotive piston-type expander Viking Heat Engines provides
a fairly standard ORC solution. Two models are available; CraftEngine CE10 and
CraftEngine CE40, which differ in both size and capacity. Working fluid is currently
not disclosed (Viking Heat Engines, 2017).

2.4 Electricity price & certificates

The electricity price varies depending on the energy situation with factors such as
temperature, weather, day activity, holidays etc. These factors are to a certain ex-
tent predictable (Weron, 2014). In Sweden the price is provided by Nord Pool, the
leading power market in Europe.

On the market there are different regions depending on the supply and demand of
the power market and for Gothenburg the region is called SE3. In Table 2.4, yearly
average values (2012-2017) for the electricity price is shown.

Table 2.4: Yearly average electricity price in region SE3 between years 2012-2017
(Nord Pool, 2018)

Year Electricity price (SEK/MWh)
2017 300.9
2016 277.8
2015 205.9
2014 287.8
2013 340.8
2012 281.9
Average | 282.5

Some other interesting numbers during the same set of years and region provided by
Nord Pool (2018) are the highest and lowest monthly electricity prices. In February
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2012, the highest monthly electricity price was recorded to 448.4 SEK/MWh and, in
July 2015, the lowest was recorded to 85.0 SEK/MWh. This clearly shows how the
electricity price fluctuates and can affect the solution. Therefore, to simplify calcu-
lations, it is recommended to use constant numbers when performing estimations.

To promote the power production from renewable energy sources, an electricity cer-
tificate system has been used in Sweden since 2003 (Energimyndigheten, 2018a).
The system rewards users of renewables with a certificate that can be sold to elec-
tricity market companies or other similar investors for profit. This can be beneficial
for an ORC solution as long as the provided heat source is made from renewable
energy sources. It is estimated that 12% of the district heating is made from renew-
able energy sources (Goteborg Energi, 2016a). Figures B.1 and B.2 from Appendix
B show example prices for electricity certificates.

17



18



3

Methods

The main task of the project was to find a solution for power production within
the district heating system. However, various steps were required to reach the in-
tended goal. Firstly a literature study was done to understand the concepts and
specifications within the area. Then a handful of solutions were found and an elim-
ination process was used to obtain one final solution. Furthermore, an analysis of
the district heating system was done together with collection of relevant weather
data. After this a BTES system was designed using the software EED 4 and then a
base case of the ORC cycle was set up. This allowed for calculations of the power
production as well as doing an accompanying sensitivity analysis. Lastly a life cost
analysis was performed.

3.1 Solution

In order to limit the number of solutions, one criterion and one recommendation
was set based on the information of the district heating system as well as the BTES.
They are presented as follows:

e Minimum temperature requirement for the heat source i.e the hot side of the
ORC circuit was set to 80°C. This requirement was based on the mean temper-
ature estimation of the district heating system provided by Géteborg Energi
and discussed earlier in Section 2.1.3.

e The cooling temperature from the BTES was designed to be at least 30°C.
The BTES operates within this temperature level according to the informa-
tion given in Section 2.2. However this was not a requirement, but only a
recommendation.

After establishing the above mentioned, an online search was conducted to find a
suitable solution. Various suitable models were looked at and investigated!. Table
3.1 presents these models. For all the models, the criterion for the heating source
temperature was expected to be fulfilled.

Data taken from Calnetix Technologies (2014); ClimeOn (2017c); Viking Heat Engines (2017)
and ElectraTherm (2017)
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Eight different ORC models were found and given as alternatives for the solution
of the power production. They all fulfill the requirements for the heating circuit
temperatures as they are in the temperature range of the district heating system.
However other parameters were not as optimal. The elimination process of the al-
ternatives started with finding a parameter that did not meet the requirement set
by both the district heating system and the BTES. If all the requirements were met
a second and more strict requirement was set to eliminate further alternatives. The
second requirement was to set the minimum heat source temperature to be 70°C.
This allows the solution to produce electricity even of temperatures below the mean
district heating temperature as well as approaching the minimum DH temperature
in Figure 2.2. In the case of not fulfilling the new criteria the solution was elimi-
nated and lastly only one alternative was chosen as the intended solution for the task.

Table 3.1: Eight alternatives for low-temperature power production

Heating circuit Cooling circuit | Generator
Product q (1/s) T (°C) | ¢ (I/s) | T (°C) | Power prod. (kW)
Calnetix 125EJW 6.94-61.1 | 80-95 | - <27 50-125
ClimeOn (Module) 10-50 60-120 | 10-50 | 0-35 150
ClimeOn (Powerblock) | 70-350 60-120 | 70-350 | 0-35 1050
CraftEngine CE40 - 80-200 | - <20 28-30
CraftEngine CE10 - 80-200 | - <20 5-7
Electratherm 4200 3.2-12.6 | 77-116 | 13.9 4-65 15 (3.2 1/s, 80°C)
Electratherm 4400 3.2-12.6 | 77-116 | 13.9 4-65 15 (3.2 1/s, 80°C)
Electratherm 6500 6.4-22.1 | 77-122 | <22.1 | 4-65 21 (6.4 1/s, 80°C)

3.2 Analysis

The district heating system of Gothenburg was analyzed based on the information
provided in Figure A.1 and Table 2.1 as well as input from Lennart Hjalmarsson
(Goteborg Energi, 2017d). As already mentioned in Section 1.4, the heat capacity
of the district heating system was considered to be unlimited, hence the placement
of the chosen solution was irrelevant in terms of capacity. However, an incentive
would be to place it in a location suitable for a BTES system due to the moderate
amount of land mass it uses (Nordell, 1994). Another valid reason was to place it
close to any of the energy facilities as the water flow rate in the district heating
system is higher closer to the providing source. This is due to the branching of the
pipes distributing the water (Goteborg Energi, 2017d). Another aspect that was
considered as well was a location close to a nearby natural water source. In case
the temperature of the BTES would not be sufficient, the option to change cooling
source should be available. This can ensure a more reliable, flexible and effective
solution.
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To know the exact influence of the outdoor temperature on the district heating tem-
perature, statistical weather data was collected. The data represents the monthly
mean outdoor air temperatures in Gothenburg during years 2006-2016. It is pre-
sented in Table 3.2.

Table 3.2: Monthly mean outdoor Table 3.3: Calculated monthly mean
air temperatures for years 2006-2016 supply temperatures of the district
(SMHI, 2017) heating system

Month T, (°C) Month T suppiym (°C)

January 0.15 January 86.15

February | 0.45 February | 85.65

March 3.27 March 80.95

April 8.05 April 78.07

May 12.60 May 78.07

June 15.94 June 78.07

July 18.67 July 78.07

August 17.50 August 78.07

September | 14.38 September | 78.07

October 9.43 October 78.07

November | 5.71 November | 78.07

December | 2.21 December | 82.72

Average | 9.03 Average | 80.00

The monthly mean outdoor air temperatures were compared to the green curve in
the correlation graph of Figure 2.2 to approximate the supply temperatures of the
district heating system. Using this approach, a monthly estimate of the supply
temperatures could therefore be obtained, as presented in Table 3.3. However due
to the limited amount of simulation data of the solution, as well as having close
approximation to the monthly average supply temperature, all the months above
were given a supply temperature of 80°C when performing calculations.

The monthly mean outdoor air temperatures indicates that the period between May
and September is when the temperatures are highest during the year, hence excess
heat can be expected to be available during this period due to the lower energy
demand. A division was therefore made between October-April and May-September
to distinguish between different demand levels. This was also suggested by Goéteborg
Energi (2017d) as a suitable estimation.

3.3 BTES design

A simple BTES system was designed using the software Earth Energy Designer
(EED v4). The parameters set were based on pre-defined settings adjusted for the
city of Gothenburg. The model of the BTES was designed in such a way that it
uses the ORC circuit as a cooling source based on the calculated heat load levels.
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A categorization was made between the different parameters. They are presented
below in the following sections.

Ground properties

In Gothenburg the bedrock consists mainly of acidic intrusive rock i.e granite, gra-
nodionite or monzonite, as shown in Figure C.1 in Appendix C. Therefore, based
on previous experience the following parameters were used for modelling and simu-
lation of the BTES system. These are presented for the ground properties in Table
3.4.

Table 3.4: Parameters for the bedrock type based in Gothenburg city

Parameter Value Unit
Bedrock type Granite | -
Thermal conductivity 3.0 W/m-K
Volumetric heat capacity 2.16 MJ/m?-K
Ground surface temperature | 8 °C
Geothermal heat flux 0.06 W /m?

BTES properties

The configurations set for these parameters were based on the recommendations
and typical values given in Section 2.2, using the double U-tube configuration. The
depth, spacing and diameter were all based on typical values for borehole systems
(Javed, 2012). The borehole was assumed to be water-filled as typical for BTES
systems in Sweden (Javed, 2013). A 7x8 rectangular shape of the borehole pattern
was selected as well, presented in Figure D.2 in Appendix D.

For the U-pipe the outer diameter, wall thickness, shank spacing and pipe material
were assigned typical values for BTES systems. The pipe material was assumed to
be of high-density plastic e.g high-density polyethylene (HDPE). Thermal resistance
in the BTES was estimated after the work of Spitler et al. (2016b) and Javed and
Spitler (2017). Parameters for both the borehole and U-pipe are presented in Table
3.5. Figure D.1 in Appendix D shows the U-pipe layout.

The selected heat carrier fluid inside the U-pipe was chosen to be a water and ethanol
solution. This is due to two main reasons, the first being the availability and second
the beneficial thermal properties. It is also estimated that the fluid could reach 0°C
and therefore a freezing point below 0°C is desirable.

3.4 Base case setup

In order to prepare for the upcoming calculations, the base case setup was con-
structed. This case acted as a reference point when performing the power production

22



3. Methods

calculations and the sensitivity analysis. The circuit of the base case is presented in
Figure 3.1.

Table 3.5: Parameters for the borehole, u-pipe and heat carrier fluid

Parameter Value | Unit

Configuration 7x8 -

Depth 300 m
Borehole Spacing 7 m

Diameter 110 mm

Thermal resistance 0.1 m-K/W

Outer diameter 32 mm

Wall thickness 3 mm

U-pipe Material HDPE | -

Thermal conductivity | 0.42 W/m-K

Shank spacing 70 mm

Water /Ethanol 85/15 | %

Thermal conductivity | 0.47 W/(m- K)

Specific heat capacity | 4.373 | kJ/(kg- K)

Heat carrier fluid | Density 980 kg/m3

Viscosity 0.0042 | kg/(m-s)

Freezing point -7.2 °C

Total flow rate 35 1/s

Here, the district heating system act as a heat source for the evaporator, providing
the driving force for the ORC cycle. The BTES system on the other hand provides
the necessary cooling in the condenser after turbine expansion and consequently
reheats the low-temperature water returning to the borehole. With this setup the
mean district heating supply temperature of 80°C was used as a reference value
together with a condensing temperature of 30°C from the BTES and a total water
flow rate of 35 1/s. The same water flow rate is applied on both the heating and
cooling sides.

3.5 Calculations

3.5.1 Base load

The base load determines the required heat load levels of the BTES in the simulation
software. Monthly values of the base load were calculated based on the two demand
levels set earlier between May-September and October-April. It was expected that
excess heat from the district heating system is produced between May and September
and therefore the solution should primarily be operating during this period. Based
on the number of days during different months and the outgoing heat flow of the
solution, Equation 3.1 was applied.

Eheat =110 ¢y - AT - £ (3.1)
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Figure 3.1: Base case setup with DH network, ORC machine and BTES system

Where Ej.q.; is the monthly excess heat base load, AT represents the temperature
difference on the BTES side of the ORC circuit, ¢ is the monthly time measured in
hours when excess heat from the district heating system is produced. The base load
is given in MWh.

During the time period when the ORC machine is not operating, the excess heat
from the BTES will be used to heat nearby buildings, maximizing the usage of the
heat storage. Lastly, a simulation period of 25 years was selected in order to properly
simulate the BTES for multiple years of operation.

3.5.2 Power production

The calculations for the power production were performed in MATLAB by the
suppliers of the ORC solution. Their product is currently in the process of obtaining
patents for several of their solutions and a detailed description of the calculations
can not be presented. However a simplification was made using the formula for heat
transfer presented in Equation 3.2.

Py=X-1m-c, AT (3.2)

Here X represents a constant based on several different factors affecting the power
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production. These factors include the generator and expansion efficiency as well as
the influence from the patented technologies. This constant will not be disclosed in
this report.

To better compare the power production during operation an additional formula
was used to calculate the electrical energy F., in MWh, see Equation 3.3.

Eq=Py-t (3.3)

A few different cases were tested in order to evaluate the power production for
different scenarios. These cases represent the main setups that can be used with
the solution and indicate how different scenarios affect the power production. The
cases all used a water flow of 35 litres per second on both the hot and cold side of
the solution to represent an averaged value for the flow of the base cases as well as
to simplify the evaluation of the results.

3.5.2.1 Sensitivity analysis

A sensitivity analysis was done to assess the changing seasons and perhaps changes to
future temperature levels in the district heating system. The analysis was performed
on the heat source temperature, cooling source temperature and water flow rates.
In Table 3.6 the different configurations tested are presented with three different
water flow rates; 10, 35 and 50 litres per second. The flow rates are assumed to be
same for both heating and cooling sides, similar to the base case.

Table 3.6: Sensitivity analysis parameters tested for three different water flow rates
on both the heating and cooling side

q [1/s]; Ty, [°C]
10, 35,50 |70 80 90 100
30| x x X X
25| x x X X
T.°Cl 120 x x x X
15| x x X X
10 x x X X

T}, represents the heat source temperatures, 7T, the cooling source temperatures and
G the water flow rates. The x marks the different configurations tested. In total 60
configurations were simulated.

3.5.3 Additional cases

From the sensitivity analysis, a few interesting cases were chosen to be investigated
further to determine the best performing configuration. Five additional cases are
presented below with their respective parameters.
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Case 1

This case involved a decrease of the cooling source temperature from 30°C to 10°C. In
this way the influence of a drastic decrease of the cooling temperature was performed.
The water flow rate remained the same as in the base case.

Case 2

In Case 2, the heat source temperature was increased from 80°C to 90°C. The cooling
source temperature was kept at 30°C and the water flow rate kept at 35 1/s. This
case investigates the possibility of an increase in district heating temperature due
to, for example, colder climate.

Case 3

Case 3 combined both previous cases resulting in a heat source temperature of 90°C,
a cooling source temperature of 10°C and a water flow rate of 35 1/s.

Case 4

This case was designed to test the maximum power production from the ORC ma-
chine with the least amount of work input. The heat source temperature was there-
fore set to 90°C, the cooling source temperature to 10°C and the water flow rate to
50 1/s.

Case 5

In this case it was considered that the ORC solution would be operating all year
round. The other parameters were the same as for Case 4, hence providing maximum
power production. Therefore the parameters set were T, = 90°C, T, = 10°C and ¢
=50 1/s.

3.5.4 Life cost analysis

A life cost analysis was performed considering the investment cost of the solution,
the running costs and the revenues from selling produced electricity. There are two
interesting parameters to consider when looking to invest in such a product:

« Net present value (NPV)
« Payback period (PBP)

The net present value determines the value of the investment today considering the
revenues and costs over a certain time period. The payback period shows the time
period at which the investment becomes profitable. This can be determined when
the net present value reaches a positive value.

Equation 3.4 below shows the present worth formula for a geometric gradient. Here
@1 is a specific cost at the first year, g the growth rate, ¢, the real interest rate,
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and y the time period in years. For this work, the nominal interest rate used was
9% and the real interest rate was 7% according to information given by Goteborg
Energi (2017d). This gave a general inflation rate of 2%.

1—(1 Y(1+14,)Y
Pv:¢1( L+ gPl+4) ) (3.4)
ir—g
@1 is calculated with Equation 3.5.
¢ =o(1+yg) (3.5)

The total NPV for the investment was then determined by summarizing the present
worth values for the electricity sold and electricity certificates, investment costs and
the operating costs. Costs related to the usage of the district heating system was not
considered as stated in Section 1.4. The equation for the NPV is shown in Equation
3.6

NPV =PVerp — 1 —- PV, (3.6)

Here, PV is the present worth of the electricity and electricity certificates sold,
where CF stands for cash flow. The I is the investment cost of the solution and PV,
is the present worth of an annual cost that was later added as a recommendation
for the investment by the ORC company.

In Equation 3.7 the present worth of the cash flow (CF) is calculated with the use
of Equation 3.4. Here Y,; is the electricity price in SEK/MWh, Y,, .t is the mean
electricity certificate price in SEK/MWh when the ORC machine is operating and
0.12 is the share of electricity produced from renewable energy sources (Goteborg
Energi, 2016a).

For the base case and Cases 1-4 the electricity certificate prices in Figure B.1 were
used and for Case 5 Figure B.2 was used. The growth rate for the electricity price
(ger) and the price for electricity certificates (geert) were calculated from Table 2.4
and acquired from Energimyndigheten (2018b), respectively. The growth rate of
the electricity certificate price was based on years 2012-2017, the same as for the
electricity price. In Table 3.7, the calculated growth rates, both nominal and real,
for the electricity price and electricity certificates are shown.

Table 3.7: Nominal and real growth rates for the electricity price and electricity
certificates

Growth rate | Value
Geln 40%
Gel,r 2.0%

gcert,n '02%
gcert,r -2. 2%
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1— (14 g)¥(1+i)Y
PVCFZEez-Yel(Hgd)( ( Z.gl)g( ) )+
r — Yel

(3.7)

by — Geert

1—1(1 cer y(1 ‘7" —y
Eel'Ycert'0-12(1+gceTt)( ( —l-.g )Y (1 + i) )

Three different electricity prices were investigated; 85.0 SEK/MWh, 282.5 SEK/MWh
and 448.4 SEK/MWh to understand the sensitivity of different electricity prices on
the NPV. These numbers were previously presented in Section 2.4 and refer to a
low, mean and high electricity price respectively.

Equation 3.8 shows the calculation of the present worth for the recommended annual
cost added to the investment. Here the general growth rate g was taken to be equal
to inflation, i.e the real price growth = 0.

(3.8)

PVy = Z(1+g) (1 miCha) it i’“)_y)

i — g
The payback period (PBP) was determined graphically by calculating the NPV for
each year within the time period y until a positive NPV was obtained. For this

solution the time period y was set to 30 years according to information given by the
ORC company.
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Results

4.1 Chosen ORC-solution

The chosen solution for the power production was the Climeon module. The cho-
sen solution is an ORC-based heat engine that is able to produce power using DH
temperatures down to 60°C. This ensures a viable solution even if the DH supply
temperatures decreases in the future. An overview of the module circuit is presented
in Figure 4.1. The Climeon module utilizes the so-called C3 technology (ClimeOn,
2017b), involving three key parts for the power generation.

o A partial vacuum that is created within the system to reduce the pressure after
the expansion. This helps reduce the construction materials needed, improves
efficiency as well as decrease the size of the pumps in the system. The vac-

uum is created with the Air Trap Unit, a patented technology from Climeon
(Ahlbom, 2017).

o The working fluid used is perfectly adapted to the module system and was
chosen amongst a myriad of other alternatives. However, it is currently not
disclosed.

o Within the system cold working fluid is sprayed in the condenser and onto
the warmer working fluid after expansion. This is done to reduce temperature
levels quickly, resulting in reduced heat losses. It is done in a closed loop,
utilizing a feedback connection between the condenser and cooling part of the
circuit.

As introduced in the C3 technology, the product involves a branching of the work-
ing fluid after condensation. This is different from the traditional ORC cycle. In
this case the working fluid is partially split, and is either recirculated back to the
condenser or pressurized by the pump before evaporation. Two pumps are also
present in the circuit, one positioned directly before entering the evaporator and
one positioned directly after the condensation spraying. The heat exchangers used
are two plate heat exchangers, both of which are positioned on the evaporation and
condensation sides respectively.

Additional information regarding their product is presented in Figure E.1 in Ap-
pendix E.
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Figure 4.1: Overview of the Climeon ORC machine circuit (ClimeOn, 2017a)

4.2 Location

In the end no exact placement of the solution was achieved. Instead a recommended
location, based on the discussion made in Section 3.2, was suggested. This allowed
for a more straight-forward approach to evaluate and analyze the results, which is
the main focus of the thesis. It also eliminates any complications regarding building
permits and land ownership issues when considering the BTES system.

A recommendation was to place the ORC machine near Sévenéasverket, which is one
of the larger facilities mentioned in Table 2.1. Here it can be easily handled. A
nearby river, Savean, is also available if needed as an alternate cooling source.

4.3 Data simulation

4.3.1 BTES

A BTES was designed and simulated in EED4. The base load was calculated to
be 3206.75 MWh for the period May-September using the parameters described in
Section 3.4.

Temperature levels calculated for a simulation period of 25 years are presented in
Figure 4.2. The red curve represents the incoming fluid to the BTES system and the
green curve the outgoing fluid. As can be seen from the figure, the fluid from the
ORC solution would enter the BTES at approximately 35°C and would be cooled
down to approximately 30°C by the BTES. During the time period when the ORC
solution would not be active the BTES would be used for heating a nearby buildings
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with the help of the heat pump.

Design-wise the BTES was designed using the base case parameters, however it
could be adopted to other specifications by changing the flow or heat load levels.

35
30
25
20
15

T

0 2 4 6 8 10 12 14 16 18 20 22 24
Years

Fluid temperature [°C]

B Incoming fluid temperature

M Outgoing fluid temperature

Figure 4.2: Temperature levels for a simulation time period of 25 years from EED4

4.3.2 Base case

In Table 4.1, the results for the base case simulation and calculations are presented.

Table 4.1: Results for the base case simulation and calculations

Position Parameter | Value
T, 80°C
Hot circuit | T, 74°C
M, 34.1 kg/s
T, 30°C
Cold circuit | T 36°C
M 34.8 kg/s
P 56 kW
Generator | 1y 6%
Ee 205.6 MWh

A capacity factor of 0.42 (42%) was determined by analyzing the number of hours
during the months May-September. For the base case, it was calculated that the
ORC solution would operate on 37.3% of it’s max capacity. The electrical efficiency
was calculated to be 6% and the temperature differences on both the hot and cold
side of the circuit was designed to be 6°C.
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4.3.3 Sensitivity analysis

The results of the sensitivity analysis performed on the three water flow rates of 10,
35 and 50 litres per second are presented in Figures 4.3, 4.4 and 4.5, respectively. In
Appendix F, the exact values for the power production are presented. The different
colors in the graphs represent the cooling source temperatures and the horizontal
numbers; 70, 80, 90 and 100 represents the different heat source temperatures.
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Figure 4.3: Power production for different heating and cooling source temperatures
at ¢ = 101/s

In total, there are 11 cases where no power production was achieved by the ORC
machine, and 8 cases where maximum power production was achieved. This can
be seen in Appendix F. Worth noting is that a heat source temperature of 70°C
and a cooling source temperature of 30°C could not generate any electrical power
regardless of the water flow rate. In 6 out of the 8 cases where maximum power
output was achieved, the generator limited the power to the max capacity of 150
kW for technical reasons.

For a heat source temperature of 70°C, the maximum power production that could
be achieved was 72 kW at a cooling source temperature of 10°C and a water flow
rate of 50 1/s. This corresponds to 48% of the maximum capacity. At a cooling
source temperature of 25°C and a water flow of 35 1/s, the lowest non-zero power
production was determined to be 41 kW, corresponding to 27% of the max capacity.

For a water flow rate of 10 1/s, the maximum power production was 87 kW at T},
= 100°C and T, = 10°C, corresponding to 58% capacity. However at the same T},
with a T, between 10-20°C and a ¢ = 35 1/s, the power production is drastically
increased to 150 kW. This shows the importance of the water flow rate.
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Comparing a water flow rate of 35 1/s and 50 1/s, it could be observed that the

difference in power production is not significantly large, at least when comparing to
the case of ¢ = 10 1/s.
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Figure 4.4: Power production for different heating and cooling source temperatures
at ¢ =35 1/s
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Figure 4.5: Power production for different heating and cooling source temperatures
at ¢ = 50 1/s
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4.3.4 Additional cases

Case 1

The results from Case 1 at T, = 80°C, T, = 10°C and ¢ = 35 1/s are presented in
Table 4.2.

Table 4.2: Results from Case 1 simulation

Position Parameter | Value
T; 80°C
Hot circuit | T, 73°C
M, 34.1 kg/s
Tin 10°C
Cold circuit | T 16°C
M 35.0 kg/s
P 101 kW
Generator | 7y 10%
E. 370.9 MWh

With this configuration the ORC machine could produce 67.3% of the maximum
power output with an electrical efficiency of 10%. A temperature difference of 7°C
on the hot side and a difference of 6°C on the cold side were achieved respectively.

Case 2

Table 4.3 shows the configuration of Case 2 using T}, = 90°C, T, = 30°C and ¢ =
35 1/s.

Table 4.3: Results from Case 2 simulation

Position Parameter | Value
T; 90°C
Hot circuit | T, 82°C
M, 33.9 kg/s
Tin 30°C
Cold circuit | T 37°C
M, 34.8 kg/s
P 86 kW
Generator | 7y 8%
Ed 315.8 MWh

This setup could provide power production at 57.3% capacity and an electrical
efficiency of 8%. The temperature difference for the hot side was 8°C and for the
cold side 7°C.
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Case 3

In Table 4.4 the results from the configuration of Case 3 is shown, having 7}, =
90°C, T, = 10°C and ¢ = 35 1/s.

Table 4.4: Results from Case 3 simulation

Position Parameter | Value
T, 90°C
Hot circuit | T, 81°C
M, 33.9 kg/s
Tin 10°C
Cold circuit | T 17°C
M, 35.0 kg/s
P 139 kW
Generator | 1y 11%
Ee 510.4 MWh

During this operation 92.7% of the maximum capacity was achieved. An electrical
efficiency of 11% was recorded and the temperature difference on the hot and cold
side were 9°C and 7°C, respectively.

Case 4

Case 4 was simulated utilizing 7}, = 90°C, T, = 10°C and ¢ = 50 1/s. Shown in
Table 4.5.

Table 4.5: Results from Case 4 simulation

Position Parameter | Value
T; 90°C
Hot circuit | T, 84°C
M 48.3 kg/s
Tin 10°C
Cold circuit | T, 15°C
M 50.0 kg/s
P 150 kW
Generator | 7y 12%
E. 550.8 MWh

The maximum power production was achieved for this case with a maximum elec-
trical efficiency of 12%. Temperature differences for the hot and cold sides were 6°C
and 5°C, respectively.

Case 5

Setting T}, = 90°C, T, = 10°C and ¢ = 50 1/s and assuming a full year of production,

provides the results shown in Table 4.6. When calculating the electrical energy FE,
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a capacity factor of 0.98 was used to account for yearly maintenance and downtime
(ClimeOn, 2017b).

Table 4.6: Results from Case 5 simulation

Position Parameter | Value
T; 90°C
Hot circuit | Ty 84°C
M, 48.3 kg/s
T; 10°C
Cold circuit | T, 15°C
M, 50.0 kg/s
P 150 kW
Generator | 1y 12%
Ee 1287.7 MWh

4.4 Life cost analysis

Costs related to the investment of the ORC machine by Climeon are presented in
Table 4.7. The Climeon Live is a software used for surveillance when operating the
machine and was recommended by the company to be used. Both the service and
support cost and the Climeon Live cost were summarized together as the annual
cost Z in Equation 3.8. The investment cost I was inserted in Equation 3.6. Pump
running costs were negligible, as parts of the power production goes directly to the
machine itself, covering the electricity cost for pump work.

Table 4.7: Costs related to the Climeon module (ClimeOn, 2017b)

Type of cost Value

Investment cost I 3.4 MSEK

Service & support cost | 100 000 SEK /year
ClimeOn Live 50 000 SEK /year

The net present values were calculated for all sensitivity analysis cases and for dif-
ferent configurations provided. They are presented in Table 4.8 as well as depicted
with the yearly values for different electricity prices in Figures 4.6, 4.7 and 4.8. As
mentioned in Section 3.5.4, the life expectancy of the machine was set to 30 years
and the real interest rate was set to be 9%. The results show that only Case 5
provided a positive NPV, which would indicate that the investment would only be
profitable in this particular case. It is worth noting that the only case showing a
positive value is the case where an all-year production was considered.

The payback periods for the two cases where the NPV is positive were approximately

28 years for Case 5 considering a mean electricity price and around 10 years for Case
5 considering a high electricity price, see Figures 4.7 and 4.8. The rest of the cases
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did not achieve a payback period within the lifespan of the ORC solution. Looking
at a low electricity price, the net present value is decreasing over the years, indicating
that the yearly revenues would not be enough to cover the costs.

Table 4.8: Total net present values for the base case & Cases 1-5 at three different

electricity prices

Case | Electricity price (SEK/MWh) | NPV (SEK)
BC | Yeiow = 85.0 -5 438 258
BC | Yem = 2825 -4 805 114
BC | Y nigh = 448.4 -4 273 274
Cl | Yeiow = 85.0 -5 202 325
Cl | Yem = 2825 -4 060 406
Cl | Yeinigh = 448.4 -3101 194
C2 | Yeyiow = 85.0 -5 280 970
C2 | Yem = 2825 -4 308 642
C2 | Yenign = 4484 -3 491 887
C3 | Yeriow = 85.0 -5 003 094
C3 | Yem = 282.5 -3 431 541
C3 | Yernigh = 448.4 -2 111 437
C4 | Yeriow = 85.0 -4 945 421
C4 | Yom = 282.5 -3 249 501
C4 | Yernigh = 4484 -1 824 929
C5 | Yeriow = 85.0 -3 835 536
C5 | Yeum = 2825 129 370
C5 | Yenigh = 448.4 3 459 890
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Figure 4.6: The net present value over a time period of 30 years considering the
low electricity price of 85 SEK/MWh
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Figure 4.7: The net present value over a time period of 30 years considering the
mean electricity price of 282.5 SEK/MWh
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Figure 4.8: The net present value over a time period of 30 years considering the
high electricity price of 448.4 SEK/MWh
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Discussion & conclusions

One kilogram of oil produce 41 800 kJ of total energy, whilst one kilogram of
high-quality steam yields 3000 kJ. In comparison to an ORC setup using hot water
at 80°C inlet temperature and 30°C outlet temperature on the heating side of the
circuit, gives only 209 kJ (Barbier, 2002), which is equivalent to 0.5% of the energy
provided from the oil. A comparison like this proves that low-temperature energy
sources are far from efficient when only considering the energy production. When
comparing the results of the case studies in Section 2.3.3 with the results from this
report, the numbers are fairly similar with a slight advantage of the Climeon mod-
ule in terms of electrical efficiency. This partially proves that the chosen solution
is in fact a state-of-the-art solution, which presents results that can be difficult to
improve.

Increase of mean seasonal outdoor air temperatures will affect the future of district
heating systems, which will in turn affect solutions similar to the one presented in
the thesis. In such a scenario, the overall low rates and cooling source temperatures
of an ORC solution will become highly important due to the lowered district heat-
ing supply temperatures. Furthermore, in Sweden the district heating systems have
come to a stagnation point in terms of heat supply and demand since the mid 1990s.
This trend could make it interesting to implement such a solution in the existing
DH systems to make use of the energy potential that still exists (Magnusson, 2012).

Weather-based solutions for power production have been proven to be unpredictable
in terms of production, and an ORC solution powered by a district heating system
is no different. As it is affected by the outdoor air temperature, it is fairly difficult
to pin-point the exact power production. Nevertheless, it is still possible to make
estimations using statistical data or via mathematical models (Bremen, 2010). A
more predictable way would be to connect a deep geothermal well to the heating
side of the ORC circuit, as proven by a few of the case studies mentioned in Section
2.3.3. This could potentially stabilize the power production.

The solution should at all times be operating at the maximum flow rate if possible.
As seen from the sensitivity analysis in Section 4.3.3, a water flow rate of 50 1/s was
needed to produce maximum power production at a heat source temperature of 90°C
and a cooling source temperature of 10°C. This was confirmed by Cases 4 and 5 in
the results section. Overall a higher flow rate improves the power production for all
temperature configurations and does not prove to be disadvantageous result-wise.
A large system like the district heating system should be able to produce this kind
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of flow rate, but if the overall flow rate of the system is not adequate enough, pumps
might be needed to increase the rate. This could affect the profitability due to the
potential investment of a pump as well as running costs.

Furthermore, a solution like this could benefit more by having a larger capacity fac-
tor. As proven by the results from the base case simulation in Section 4.3.2 and the
results from the economical calculations in Section 3.5.4, a capacity factor of 0.42
was hardly beneficial economically, especially not when considering such low power
production. It is at the same time difficult to predict the amount of excess heat
produced during the winter when the demand for district heating is larger. There-
fore the electrical energy production can be very difficult to evaluate before-hand.
In order to reach the economical break-even point for a high electricity price consid-
ering maximum power production the capacity factor is required to be 0.612, which
corresponds to approximately 5361 hours of operation time, or 804.2 MWh. This
is equivalent to slightly over seven months of operation opposed to the five months
used in the first five cases.

The thesis did not take into account the costs related to the drilling and installa-
tion of a BTES system, nor the heat source costs for the ORC solution and the
potential revenues that could be gained from selling stored heat in the BTES. These
parameters could impact the profitability greatly. The added annual cost Z of the
ORC solution also played a huge roll economically. If this cost could be reduced
or removed entirely, a positive annual net profit is most likely to occur for some
of the cases. From the results shown only Case 5 resulted in a positive payback,
i.e with the mean and high electricity prices considered. However, the solution was
considered to be operating the whole year round, which proves that the solution is
in fact required to be used to this extent in order to make the investment profitable.

Looking at the electricity price, a mean electricity price proved in Case 5 to be a
minimal requirement for profitability. The payback period for the mean electricity
price was 28 years, which is only two years less than the lifetime of the solution. A
result like this shows that the solution requires an above average electricity price
at all times to be profitable. This can not always be guaranteed considering the
fluctuations of the electricity prices.

To further improve the cash flow of the investment, the district heating system can
be improved by adding more renewable energy sources that produces heat. In this
way the amount of electricity certificates can be increased, hence increasing the
revenues. Something to consider as well is that by increasing the number of renew-
ables used, the electricity prices in general might be affected which also has to be
accounted for.

The interest rate also plays a huge roll financially as high interest rates decrease the
net present value. An investment like this could benefit greatly by a lower interest
rate. If the nominal interest rate is decreased to 5% and the real interest rate to
3%, the payback period for Case 5 with a mean electricity price is instead 15 years,
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down from 28 years. For the high electricity price, the difference is less remarkable,
with a decrease from 10 to 8 years. This shows the importance of the interest rate,
especially when the electricity price is around the mean value. However, in this case,
the rate is decided entirely on how the investors view the investment and this can
be a difficult parameter to affect.

In conclusion the options available for power production using low-temperature heat
as a energy source are extremely limited and an ORC solution is most likely to be
the most effective one. It is a unique solution in it self and therefore fairly difficult
to compare to other alternatives. Only the future will reveal newer, more innova-
tive and competitive technologies that can be weighed against the proposed solution.

In summary, a solution was successfully found and virtually placed inside the district
heating system of Gothenburg. Design and simulation of a BTES was also carried
out, and in the end all the various simulation cases were evaluated. It was proven
that Case 4 produced the most amount of power with the least amount of work input
during months May-September. The total amount of electrical energy produced
during this time was determined to be 550.8 MWh. When considering an all year
production, the electrical energy was instead 1287.7 MWh. The results from the
life cost analysis showed that the solution was highly dependent on the electricity
prices to be profitable. In addition, the ORC solution also needed to operate all
year round to yield a positive NPV.
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Appendix A

District heating system of
Gothenburg
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Figure A.1: Overview of areas (shown in orange) covered by the district heating
system (Goteborg Energi, 2017f)
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Appendix B

Prices of electricity certificates

Average price per month

28.01.2018 17:38:20

Monthly average price of transactions in SEK
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Figure B.1: Recent price development of electricity certificates from

May-September in 2017 (Energimyndigheten, 2018b)
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B. Prices of electricity certificates

Average price per month

04.02.2018 16:19:05

Monthly average price of transactions in SEK
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Figure B.2: Recent price development of electricity certificates for the year 2017
(Energimyndigheten, 2018b)
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Appendix C

Bedrock types in (Gothenburg
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Figure C.1: Topographical map of the bedrock types in Gothenburg (SGU, Geo-
logical Survey of Sweden, 2017)
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Appendix D

U-tube layout and borehole
formation
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Figure D.1: Double u-pipe dimensions of the BTES system
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Figure D.2: Borehole formation - 7x8
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Appendix E

Climeon technical product sheet

ONE MODULE POWERBLOCK

MODULE 150 kW (? modules) 1 MW
Height mm 2270 2270
Depth mm 2105 2105
Width mm 2085 14700
Weight kg (total) 9000 63000
ELECTRICAL CABINET

Height mm 2100 2100
Depth mm 600 600
Width mm 2200 13600
Weight kg 1200 6100
HEATING CIRCUIT

Module flange connections /SO DN125/PN10 DN125/PN10
Flow rate I/s 10-50 70-350
Inlet temperature max °C 120 120
COOLING CIRCUIT

Module flange connections /SO DN125/PN6 DN125/PN6
Flow rate I/s 10-50 70-350
Min cooling inlet temp. °C 0 0

Max cooling inlet temp. °C 35 35
ELECTRICAL SPECIFICATION

Max net output power kW 150 1050
Voltage selectable V 400/690 400/690
Frequency selectable Hz 50/60 50/60

Figure E.1: Parameters for the Climeon Module and Powerblock (ClimeOn, 2017¢)

IX






Appendix F

Sensitivity analysis of power
production

Table F.1: Power production (kW) for different temperatures at a water flow rate
of 10 1/s

q [1/s]; Ty [°C]
10 70 80 90 100
30 | - - - 58
25| - - 50 66
T.PC] 20| - - 60 74
15 - 47 64 80
10| - 55 70 &7

Table F.2: Power production (kW) for different temperatures at a water flow rate
of 35 1/s

q [1/sl; T, [°C]
35 70 &0 90 100
30| - 56 86 124

2541 67 101 139
T, [°C] [ 20|49 78 115 150
15|58 90 127 150
10| 67 101 139 150

Table F.3: Power production (kW) for different temperatures at a water flow rate
of 50 1/s

q [1/s]; T, [°C]
50 70 &0 90 100
30| - 61 95 140

2545 73 111 150
T, [°C] |20 |53 85 127 150
15|63 97 138 150
10 | 72 109 150 150
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