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Abstract 
Primary energy use in Sweden today can to a large extent be traced to manufacturing 
industries. In parallel, improved energy efficiency is a goal set out by Swedish authorities and 
the EU. One way to improve efficiency in the industry is to harvest the excess energy in form 
of  heat that is currently going to waste in the various processes. This thesis has investigated 
the feasibility of  employing a mobile thermal energy storage (M-TES), developed at KTH, as 
a method of  transporting excess heat from a steel plant in Sandviken to a local hotel and 
conference centre. The M-TES performance had previously been determined on a small 
scale prototype, and the effects on performance and cost of  up-scaling the M-TES for real use 
was studied theoretically. An estimation of  the cost for up scaling the M-TES from its current 
laboratory scale to the intended large scale was obtained. The study concludes that the 
construction cost can be affected mainly by two parameters: the number of  tubes and tube 
diameter inside the M-TES. Changes to the performance parameters of  the M-TES, caused 
by varying these parameters, were investigated using theoretical correlations. It was found 
that performance of  the M-TES can drastically change with changes to the design 
parameters. The exact changes in construction costs were not obtained, however, a cost 
effective design uses as few tubes as possible, meaning the tube diameter has to be increased. 
Using the theoretically based performance values, an M-TES operation was mapped towards 
two scenarios; one scenario where a greenhouse is supplied with heat, with comparatively low 
heating demand to the other scenario, where the greenhouse and hotel are both supplied. In 
the hotel-scenario, the M-TES complements the boiler that is already in place and provides 
heat for the hotel today. It was found that increased heating demand and number of  heat 
deliveries significantly improved the economic performance of  the M-TES system. The 
levelized cost of  transported energy (LCOTE) was used as parameter for measuring this 
performance and LCOTE:s of  470 and 1380 SEK per MWh were found in the high and low 
demand scenarios, respectively. A sensitivity analysis showed that the M-TES itself  is among 
the most influential parameters on the LCOTE, while also being deemed as the most 
uncertain in terms of  cost and performance. It is recommended for future work that the M-
TES is investigated extensively with regard to design choice, performance and costs.   
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Sammanfattning 
Samtidigt har både den svenska regeringen och EU antagit ambitiösa mål om ökad 
energieffektivitet och minskad energiintensitet. Ett sätt för industrisektorn att öka sin 
energieffektivitet är att ta tillvara på energi som går förlorad som restvärme i ett flertal 
processer. Detta arbete undersökte möjligheterna att använda ett mobilt värmelager (eng. 
Mobile thermal energy storage, M-TES), utvecklat vid KTH, som en metod att transportera 
restvärme från ett stålverk i Sandviken till ett lokalt hotell. Innan hade värmelagrets prestanda 
fastställts experimentellt på en prototyp vid KTH. En kostnadsuppskattning för en större 
modell, som går att använda i praktiken, erhölls. Det kan konstateras att kostnaderna för en 
verklig modell av värmelagret påverkas av främst två parametrar: antalet rör inuti lagret och 
rörens diameter. Effekterna på prestanda av ändra dessa parametrar studerades med 
teoretiska samband. Det visade sig att prestandan kan påverkas markant genom att göra 
ändringar i designen. Hur kostnaden påverkas kunde inte visas men en kostnadseffektiv 
design har så få rör som möjligt, vilket medför att rördiametern måste ökas. Genom att 
använda de teoretiska resultaten utformades en logistik för en värmelagerdesign i två 
scenarier; ett scenario där ett växthus försörjs med värme, med relativt lågt energibehov 
jämfört med det andra fallet, där både växthus och hotell förses med värme. I hotel-scenariot 
kompletterar värmelagret den existerande pellets-pannan som förser hotellet med värme idag. 
Det visade sig att ett ökat värmebehov och antal värmeleveranser ökade lönsamheten för 
systemet avsevärt. Den sammantagna kostnaden för transporterad värme (engelska: levelized 
cost of  transported energy, LCOTE) användes som parameter för att mäta lönsamheten och 
LCOTE-värden av 470 SEK/MWh samt 1380 SEK/MWh fanns för de två scenarierna. En 
känslighetsanalys visade att värmelagret självt är en av de mest inflytelserika parametrarna på 
LCOTE-värdet, samtidigt som det också är en av de mest osäkra posterna med avseende på 
kostnad och prestanda. Det rekommenderas att framtida studier fokuseras på att utforska val 
av design och tillhörande kostnader och prestanda.  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Nomenclature 
Variables		 	 	 	 	 	 	 PF	 	 Packing Factor	  

A	 Area (m2)	 	 	 	 	 	 Greek letters	  

Cp	 Specific heat (J K-1kg-1)	 	 	 	 	 Δ	 Difference	  

Cap	 Storage capacity (Wh)	 	 	 	 	 ρ	 Density (kg m-3) 

D	 Diameter (m)	 	 	 	 	 	 τ	 Transmission coefficient(-) 

f	 Friction factor (-)	 	 	 	 	 μ	 Dynamic viscosity (Pa S) 

h	 Convective heat transfer coefficient (W m-2K-1)	 	 Symbols 

I	 Irradiance (W m-2)	 	 	 	 	 Re	 Reynolds number (-) 

i	 Interest rate (-)	 	 	 	 	 	 Pr	 Prandtl number (-) 

k	 Conductive heat transfer coefficient (W m-2K-1)	 	 Nu	 Nusselt number (-) 

L	 Length (m) 

N	 Number of  tubes (-) 

n	 Air changes per hour (-) 

n	 Number of  cycles (-) 

P	 Power (W) 

R	 Resistance (K W-1) 

T	 Temperature (K or °C) 

t	 Time (hours) 

U	 Overall heat transfer coefficient (W m-2K-1) 

V	 Volume (m3) 

W	 Mechanical work (W) 

Q	 Thermal energy (Wh) 

Abbreviations  

AF	 	 Annuity Factor  

HTF	 	 Heat Transfer Fluid 

IC	 	 Investment Cost 

LCOTE	 Levelized Cost of  Transported Energy 

M-TES		 Mobile Thermal Energy Storage 

PCM	 	 Phase Change Material 
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1. Introduction 
A large part of  the Swedish industry is made up of  energy intensive manufacturing 
productions, foremost paper and metal industries. Of  the 144 TWh in final energy 
consumption 2013 within the industry sector, 16% were made up by the steel industries 
(Energimyndigheten, 2015). The energy consumed is in turn, to a large extent turned into 
heat in the various processes. Some of  this heat is recovered but there is yet potential that 
could be utilized. Today, much of  recovered waste heat for external use is delivered with 
conventional district heating (DH) networks. One problem facing further utilization of  waste 
heat streams is that investments in conventional DH-networks are relatively high. In fact, the 
costs have been identified as one of  the main obstacles for furthering waste heat distribution. 
(Svensk Fjärrvärme, 2012) 

An alternative to conventional district heating is to use mobile thermal energy storages (M-
TES). The M-TES stores thermal energy in a storage medium, allowing it to be physically 
transported from a heat source to a heat sink. There are mainly three types of  storages; 
sensible, latent and chemical. Sensible storages are widely used and are typically cheap and 
simple in design, e.g hot water storage tanks. The latent storage typically stores vastly larger 
amounts energy compared to the sensible type. Chemical storages are under development but 
are not yet considered cost effective in comparison with previous types (Jernkontoret,n.d). 

Using phase change materials (PCM) as storage medium allows for a compact storage that 
enables waste heat to be transfered by means of  conventional transport systems (e.g trucks, 
train, ships). The potential advantages over conventional DH, is that the M-TES adds 
flexibility to the system and could lower investment costs by avoiding new pipelines. 

This study aims to investigate the technological and economic feasibility of  implementing a 
M-TES solution in a practical case. A phase change material serves as storage medium and a 
standard freight container acts as encapsulation for the PCM to enable the storage for road 
transport.  

The study is a feasibility study on the case of  transporting heat by road from Sandvik 
manufactory complex in Sandviken, for usage at Högbo hotel and conference centre, with a 
distance of  just under 8 km. The study is based on a M-TES developed at KTH, with 
Erythritol (C4H10O4) as PCM. 
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1.1 Background of  the project 
This study is part of  the project called Heat on wheels, aimed at researching every level of  
implementing the M-TES concept. It was instigated in a collaboration between Clean 
Production Centre and KTH. Högbo brukshotell is a hotel and conference centre in the 
municipality of  Sandviken. Their premises include a large main building, several smaller 
houses, greenhouses and other activities. Also located in Sandviken, within a distance of  7.6 
km (see figure 1) from the hotel, is a steel manufactory of  the company Sandvik. No 
utilization of  waste heat recovery for external use is present today at this factory.  

1.2 Aim and objectives 
The aim of  this study is to examine the feasibility of  realizing the waste heat transportation 
between Sandvik and Högbo. This involves the following objectives: 

• Technical design: 

• Determine the heat demand at Högbo 

• Investigate useful heat sources at Sandvik 

• Defining parameters of  relevance for the construction of  the physical system 

1. The storage 
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Figure 1: The route Sandvik-Högbo



2. Charging station at Sandvik 

3. Discharging station at Högbo 

• Configuring logistics, with regard to: 

• Time for charging and discharging of  the heat storage 

• Availability of  heat at Sandvik 

• Heating demand at Högbo 

• Possibility of  integrating the solution to existing hot water storage at Högbo 

• Economic analysis of  the feasibility for the project 

• Sensitivity analysis with regard to economic parameters, such as transportation and 
investment costs. 

1.3 Previous work 
Studies on the economic and technological feasibility of  implementing M-TES:s in Sweden 
have been made earlier, which have shown that using concept could be a cost competitive 
solution compared to conventional DH and heating plants using various fuels such as pellets 
or oil. A brief  summary of  two general studies are presented in this chapter. The M-TES 
design has been studied with both theoretical and experimental methods. Two studies, one on 
each approach, are also summarized.  

1.3.1 Feasibility studies 
Li et al. found that operating an M-TES with a high heating demand and low transport cost 
were the crucial factors for economically sound operation of  the system. They found that 
increasing the number of  heat deliveries increased the cost of  transportation but at the same 
time decrease the overall cost per delivered unit of  heat for the costumer. The study was 
however only focused on continuous supply using two containers and they also pointed out 
that the calculated capital cost of  the PCM and transportation costs constituted a large 
portion (over 60%) of  the overall costs. (Li et al., 2013) 

A recent study (J. Chiu et al., 2016) was conducted on the case of  using the shell and tube 
heat exchanger-like design M-TES, developed at KTH (more elaborated on below) for 
transport of  industrial surplus heat. The study found that an optimization strategy could 
reduce the cost of  delivered energy of  up to 25% for road transportation. It was found that 
optimizing the design and logistics lead to a levelized cost of  thermal energy (LCOTE) of  86 
€/MWh in this case. 
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1.3.2 M-TES design and performance  
In this study, the M-TES is of  a design developed at KTH and its characteristics are based on 
the results and correlations established by Chiu et al., as well as experimental results from a 
thesis report by M. Maurel.  

1.3.2.1 Theoretical studies 

The design of  the M-TES unit has been developed at KTH. Its characteristics were first 
determined with simulations and then further validated experimentally. This chapter 
summarizes the findings on the characteristics from a theoretical study on the M-TES 
conducted by Chiu, et al.  The M-TES is in principle a shell and tube heat exchanger, where 
a tube bundle is placed inside the PCM which is encapsulated in a cylindrical shell, see 
figure(2).  

 

The tube bundle allows for a heat transfer fluid (HTF) to circulate and heat up the PCM in 
the charging case and absorb heat during discharging. Looking at the circular cross section, 
the tubes are arranged in a parallel pattern, illustrated in figure 3.  
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Figure 2: The M-TES design (J. Chiu, et al., 2016)

Figure 3: heat exchanger cross section, as seen from 
the direction facing into the tubes



As seen in figure 3, the pitch is the spacing between the tubes. The pitch-to-diameter ratio 
(PDR) determines the power and energy density of  the M-TES. The packing factor (PF) is 
defined as the fraction of  volume in the M-TES which is occupied by PCM. A larger tube 
diameter and smaller pitch (i.e a tighter packed tube bundle) results in a smaller volume 
available for PCM, and vice versa. The storage capacity is directly proportional to the PF, and 
increases in a non-linear fashion with the PDR for a constant M-TES volume, see figure 4.  
 

 

The performance characteristics of  the M-TES have been studied experimentally by M. 
Maurel. Selected results from Maurel’s study are summarized in the next topic.  

1.3.2.2 Experimental study 

M. Maurel conducted a thesis study on the performance of  the M-TES design on a 
laboratory scale. The test rig had a diameter of  256 mm, a total length of  1160 mm and a 
tube bundle length of  1075 mm. The PDR of  the test rig was 1.56, resulting in a packing of  
roughly 60 %.  

The charging-and discharging times were measured as 3.85 and 1.35 hours, respectively. For 
the charging process, inlet HTF temperature was constant at 130 °C. During discharging, 
HTF at 20 °C was pumped through the inlet while the temperature of the PCM exceeded 50 
°C.  The specific storage capacity, i.e the energy that the HTF could absorb from the PCM, 
was determined to 126 kWh per cubic meter of  PCM, when the PCM is cooled from 120 to 
50 °C. The study was also extended to predict the effect of  an upscale. The average charging 
and discharging power was 1.4 and 4 kW, respectively. It was also established with and 
individual pipe volumetric flow of  !  L/s. 8 ⋅10−3
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Figure 4. Packing factor vs. PDR



2. Methods and in-data 
The work towards a M-TES system design started with heat demand estimations for 
dimensioning and later optimization of  transport and capacity of  the M-TES with the 
objective to find the most economical storage and operation. Finally, a sensitivity analysis with 
regard to economic parameters was conducted.  

This work can be divided into three topics; heat demand, dimensioning and optimization, and 
evaluation. The topics are elaborated more on individually below.  

The input data for all heating demand calculations were extracted from the climate file for 
Sandviken, retrieved from Sveby. The climate file contains hourly data, representative for a 
normal year (i.e a mean year), based on observations by SMHI from year 1980 to 2010. Data 
in the climate files include dry bulb temperature, relative humidity, solar irradiation, wind 
speed-and direction. The files are available at www.sveby.org (Sveby, 2016).  

2.1 Heat demand 
The first step towards dimensioning of  the M-TES system was to quantify the heating 
demand at Högbo. This includes the hotel complex as well as the expected demand from the 
planned greenhouse. 

2.1.1 The greenhouse 
The greenhouse heating demand calculations started with a simple geometrical model of  a 
typical greenhouse layout. Since the building was only in the conceptual planning phase, the 
dimensions can be considered rough. The geometry was created around a typical greenhouse 
layout with a 500 square meter large floor, see figure 5. 
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Figure 5: Greenhouse geometrical model
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2.1.1.1 Matlab calculations 

An energy balance of  the greenhouse ideally includes losses from conduction to ground, 
ventilation, thermal radiation, infiltration and transmission and gains from equipment, 
workers and solar irradiation. 

The heating is however mostly needed during the winter. During this period, ventilation is 
kept at an absolute minimum and curtains are drawn to keep thermal radiation from escaping 
the greenhouse, although it does not stop solar irradiation from entering.  

In addition, little detail was known about lights operation, worker schedules and which plants 
were to be cultivated. However, since these factors are considered as heat gains, cancelling 
them from heating calculations likely results in a conservative result. The indoor temperature 
for cultivating of  vegetables is typically at least 20 °C (Växthusteknik, n.d). 

To summarize, after cancelling transmission through the floor, radiation losses and gains from 
people and appliances, the heating power demand was formulated as in equation 2.1, 

! 	 	 	 	 	 	 (2.1) 

The infiltration losses were defined as, 

! 	 	 	 	 	 	 (2.2) 

where 
n: is the number of  air changes per hour, taken as 0.5 according to NRAES-3 standard (S. 
Sanford, n.d) [-] 
ρ: density for air, ~1.2 [kg/m3] 
V: the volume of  the greenhouse 

The transmission losses are calculated according to equation 2.3, 

!  	 	 	 	 	 	 	 (2.3) 

where Um denotes the mean overall heat transfer coefficient of  the envelope, calculated as 
follows (Boverket, 2012) 

! 	 	 	 	 	 	 	 (2.4) 

where ! and!  denotes linear and point cold bridges respectively. Because information on 
cold bridges for the construction were unavailable, the Um-value was instead calculated by 
increasing the U-value of  the envelope material with 20% in accordance with Boverkets 
guidelines. Hence, (2.4) becomes 

Q
i

heating = Q
i

infiltration ,Q
i

transmission−Q
i

solar∑

Q
i

infiltration =
nρairV
3600 p, airC air ,inT − air ,outT( )

Q
i

transmission = mU shellA air, inT − air, inT( )

mU =
iU iA + kl kψ + jχ∑∑∑( )

Ashell
ψ χ
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 ! 	 	 	 	 	 	 	 	 	 (2.5) 

It was assumed that the whole envelope area was built of  polycarbonate (PC). The U-values 
for various PC thicknesses were provided by Grönsta, a company involved in building and 
selling greenhouses, and are presented in table 1 (Oscarsson, 2016). 

The 32 mm thickness was chosen for the study. The solar gains were taken as the amount of  
horizontal global irradiance that penetrates the walls and roof  and reach the floor area of  the 
greenhouse. This was calculated according to equation 2.6, 

! 	 	 	 	 	 	 	 	 	  (2.6) 

where ! is the transmittance of  the wall and roof  material and I denotes the global horizontal 
irradiance. The calculations were performed in MATLAB, with the aforementioned climate 
file as input data. The heating energy demand for different period lengths during the year was 
then calculated by integrating over the time step (1 hour). 

2.1.1.2 IDA ICE simulation 

In order to validate the results of  the calculations the heating demand was simulated in the 
software IDA ICE, which is widely used as a tool in the industry and thus deemed to give 

mU = 1.2 iU iA∑
Ashell

PC layer thickness [mm] U-Value [Wm-2K-1] Transmission coefficient [-]

6 3.5 0.82

10 3.5 0.81

16 2.4 0.76

32 1.5 0.55

Q
i

solar = τ Afloor I global

τ
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Table 1: U-values for greenhouse construction materials

Figure 6: IDA ICE geometric model



accurate results. The geometrical model was imported in IDA ICE and the cover material 
applied by covering the walls with the ”windows”, see figure 6. 

2.1.2 Hotel 
The measured heating demand for the whole building complex in 2015 were provided 
(plotted in figure 7), as well as documentation of  the boiler power where the instantaneous 
power of  the pellet boiler is documented once a day. This data gave insight into how the M-
TES could be utilized at the hotel.

!  

2.2 Heat sources at Sandvik 
Information related potential for waste heat recovery at Sandvik and station was gathered by 
interviews and discussions with S. Lindqvist, energy engineer at Sandvik. 

2.3 Physical parameters for the M-TES system 

Space heating demand

M
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0
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Greenhouses Hotel buildings Total
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Figure 7: Heat demand data for Högbo, 2015 (E. Björklund et al. 2015)



The M-TES system includes the storage unit, charging stations and transportation. The idea 
for the storage unit is to adapt a 20 ft. ISO-container; hence maximum weight and 
dimensions for the container were the physical limitations for this concept. The ISO standard 
20 ft. container measures 2438x2438x6058 mm (width x height x length) and the maximum 
weight that can be put on a demountable platform is around 24 tons. 

A platform is needed for one truck to be able to transport two storages. The container itself  
weighs 2 tons and takes approximately 2 tons for HTF and insulation results in a maximum 
weight of  PCM and construction of  20 tons.  

The change in performance by up-scaling the storage units were to be calculated, which will 
be elaborated on later. By calculating new performance values for the upscaled M-TES, some 
design layouts were established. 

2.3.1 Design parameters for the storage unit 
The layout of  the M-TES unit was done with initial input on numerous aspects, e.g the 
feasibility of  different design options on the costs. This input and feedback came from 
correspondence with constructors from the industry. One of  the first points addressed was the 
number of  tubes and diameter of  the tubes in the bundle. A high number of  tubes is 
beneficial for heat transfer but leads to very high costs and weight of  the construction (C. 
Fängström, 2016). 

The weight of  the construction was derived from the number of  tubes and weight of  different 
standard tube diameters of  construction steel. Data on weight for some standard dimensions 
of  common construction steel are presented in appendix 2 (Stena stål). 

The number of  tubes can be deduced from the packing factor, tube diameter and total cross 
sectional area of  the heat exchanger; area covered of  the tubing is ! , 

hence the number of  tubes is roughly  

!  

 It was assumed that an increase of  the cross sectional area of  the heat exchanger would lead 
to a proportional increase in power.  

However, the total surface area of  the pipes decrease with diameter; the total surface area of  

N pipes with diameter D is ! . Hence, !  and ! . This is an important 

aspect because it affects the heat transfer of  the tube bundle. The convectional heat transfer 
inside the tubes are also dependent on diameter. Therefore, the effect of  changes to tube 

tubesA = 1− PF( )Across-section

N = (1− PF)Across-section

π
4
D2

AS = NπDL N ~ 1
D2 AS ~

1
D
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diameter and length to the bundles overall heat transfer coefficient, UA, was examined. UA 
was calculated according to eq 2.7, 

!  	 	 	 	 	 	 (2.7) 

where ! , ! , !  	 	 (2.8)  

The convection heat transfer coefficient for flow inside the tube was deduced from the Nusselt 
number, which was calculated with the correlation for laminar flow proposed by Mills (Mills, 
1999), (equation 2.9) 

! !        	 	 	 	 	 	 (2.9) 

where the Reynold number, ! , is based on the volumetric flow of  the 

individual tube. The transition to turbulent flow occurs for Re~2100 which indicates that 
flows in the tubes (based on the experimental study) are well within the laminar region. Pr is 

the Prandtl number, ! .  

The physical properties of  the heat transfer fluid are presented in appendix 1.  

2.3.2 Charging stations 
The charging stations consist of  a heat exchanger and pump for the HTF. Parameters of  
relevance for pump design were identified as fluid properties, capacity (flow rate), power and 

pressure loss (U.S Energy Department, 2005). The pump power is calculated as !  
where W is the mechanical power, ! is the pressure drop and volumetric flow. The pressure 
drop is the accumulated pressure drop over all pipes. Pressure drop due to friction for a pipe is 
calculated with the Darcy-Weisbach equation (eq. 2.10),   

!  	 	 	 	 	 	 	 	 	 (2.10) 

, where !  is the Darcy friction factor. For laminar flow, the friction factor can be calculated 

as ! (Brown, 2000). Heat exchangers exists in various designs and choice of  design 

may depend on a variation of  factors such as availability of  space, costs, etc. In this study, the 
most elementary data is presented, namely power, operating temperatures and flow capacity. 

UA = Rconv,HTF + Rcond ,pipe + Rcond ,PCM( )−1

Rconv,HTF =
1

hiπDiL
Rcond,pipe =

ln Do
Di

( )
2πktubeL

Rcond,PCM =
ln De

Do

⎛
⎝⎜

⎞
⎠⎟

2πkPCML

Nu = 3,66 +
0,065Re⋅Pr⋅D

L

1+ 0,04 Re⋅Pr⋅D
L

⎛
⎝⎜

⎞
⎠⎟
23

Re(V
.
,D) = 4V

.
ρ

Dµπ

Pr = µHTF p,HTFC
kHTF

W = V
i
Δp

Δp

Δp = L ⋅ fD ⋅
ρHTFV

2

2D
fD

fD =
64
Re
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Power will be determined from the M-TES charging and discharging maximum power 
requirements, the flow will be calculated from the nominal flow. 

 2.4 Optimization of  M-TES capacity and logistics 
It was decided to try and established an M-TES capacity and layout of  logistics that are 
mapped towards the demand of  
1. the greenhouse, 
2. greenhouse and hotel 

In addition, it was deemed necessary in order to provide a practically sound solution to infer 
some further aims; 
1.  a storage unit should provide heat for 8-12 hours,  so as to avoid moving for recharging 
during the night 
3. maximum weight of  one M-TES is 20 tons due to limitations described earlier. 
3.   the heating demand of  the greenhouse should always be met 

The monthly energy demand values will determine the number of  deliveries needed from the 
storages according to their capacities. To make the system cost effective, it was decided to 
optimize it as to find a logistics and M-TES capacity that results in the lowest LCOTE 
(Levelized cost of  transported energy) on an annual basis. The LCOTE is defined as 

!  	 	 	 	 	 	 	 (2.11) 

, where IC is the investment cost, multiplied with the annuity factor, AF, for corresponding 
investment and O&M the annual operation and maintenance costs. This is divided by the 
delivered heat. The annuity factor is defined as; 

! 	 	 	 	 	 	 	 	 	 (2.12) 

, where i denotes the interest rate and t the lifetime of  the investment. An initial interest rate 
of  3% was used and later varied for during the sensitivity analysis.  

In order to find the lowest LCOTE, a straightforward method of  calculating the LCOTE for 
a range of  storage capacities and performances, which were mapped to the demand profile. 
The process is illustrated in the flow chart in figure 8. 
From the solutions, the performance and storage capacity associated with the lowest LCOTE 
were selected for dimensioning the M-TES. 

2.4.1 Operational costs 

LCOTE =
iIC iAF +O&M

i=1

n
∑

deliveredQ

AF = i
1− (1+ i)− t

!19



The Operational and Maintenance (O&M) costs are all the costs related to fuel and salary 
needed to operate the system. The cost of  fuel is based on an average fuel consumption of  
0,48 liters/km (VTI, 2000) and a diesel price of  12 SEK/liter (SPBI, 2016). In agreement 
with A. Anderstedt at Högbo, the operation can be run bu existing employees, and thus does 
not mean any added cost for the employer. However, a cost of  ”lost labor” from reassigning 
an employee was to be appreciated to 20 SEK/hour.  Since the road between Högbo and 
Sandvik is roughly 7 kilometers long and mean speed of  transportation can be assumed to be 
the limit of  50 km/h, the O&M cost associated with one transportation cycle is 86 SEK.  

2.4.2 Capital costs  
The idea for the project is to utilize a 20 ft. container as encapsulation. Estimated price for an 
insulated container with brackets for a hook lift is 33’000 SEK (Lundby container service, 
2016). Cost of  a heat exchanger bundle, fitted to a cross section of  2x2 sq. meter, 5 meter 
long, PF of  0.6, was estimated to 450,000 with a VAT of  25% (C. Fängström). It was also 
indicated that keeping the number of  tubes to a minimum would also minimize this cost. 
However, exact numbers could not be obtained. The cost for the transport vehicle had to be 
estimated and was estimated, by an overview of  prices for used vehicles, to 300’000 SEK.  

Erythritol is a widely used food additive and is produced in bulk. The price used in this report 
is 42.6 SEK/kg and was the acquired erythritol cost for the experiments conducted at KTH, 
including VAT and customs fee. The annuity the PCM is affected by the number of  charging 
cycles that it undergoes. The lifetime iso calculated as 

! 	 	 	 	 	 	 	 	 2.13 tlife,PCM =
ncycles,max
ncycles,year

[yrs]
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Figure 8. Flow chart for LCOTE minimization 

Design 
parameter



, where the maximum number of  cycles is 5’000 (J. Chiu, et al. 2016). 

2.3 Sensitivity analysis  
Once the LCOTE of  the M-TES system was calculated, the results were analyzed 
economically by conducting a sensitivity analysis; the main factors influencing the levelized 
cost were varied individually to identify the highest risks and sensitivity of  the results. 

3. Results 
3.1 Greenhouse heating demand 
This section presents the results from heat demand calculations and simulations performed on 
the greenhouse. 

3.1.1 Calculations in Matlab 
The results of  the model based on eq. 2.1 are presented below. The hourly power demand for 
the greenhouse during a whole year is shown in figure 9.  
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Figure 9: Greenhouse power demand curve from calculations



The figure shows a peak power demand of  about 80 kW, to which the M-TES has to be 
dimensioned. As the thermal inertia is not accounted for in the model, the heating 
requirement is a direct response to changes of  the ambient conditions. This also means that 
no thermal energy is stored or recovered in time, likely resulting in a slightly over-estimated 
demand. Using the inbuilt integration function ”trapz” in MATLAB, results from the power 
curve were integrated over time to generate an energy demand profile. The monthly values 
are presented in figure 10.  
 

The accumulated annual heating demand amounts to 183,000 kWh. 

3.1.2 IDA ICE simulation 
Figure 11 shows the power curve of  the IDA ICE simulation. Simulations in IDA ICE return 
a higher peak power of  about 90 kW.  
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Figure 10: Greenhouse heating demand profile from calculations

Figure 11: Greenhouse power demand curve from simulation



The resulting heating demand, calculated through integration over monthly period, is seen in 
figure 12.  

The annual heating demand from the simulation is 165,000 kWh, 90% of  the estimation 
from the Matlab simulation. Thus, the results have been obtained with good agreement. 
Results from Matlab calculations  yield a more conservative result in energy demand and was 
therefore used for the dimensioning of  the M-TES. 

3.2 Heat sources at Sandvik 

Data on heat sources were provided by S. Lindqvist at Sandvik. It was agreed that the exact 
figures be left out of  this report. However, it was concluded from the data provided that there 
are waste heat sources that theoretically could be utilized, which fit the requirement of  having 
a temperature of  at least 130 °C, at a power of  approximately 4-500 kW and with an 
availability of  at least 8000 hours per year. Thus, there is a potential for waste heat recovery 
using the M-TES. (S. Lindqvist, 2016) 

3.3 Dimensioning and optimization of  M-TES system 
This chapter presents the results from the study of  influence of  key design parameters on 
performance and storage capacity of  the M-TES. Results of  LCOTE for a wide range of  
design and capacity options are also presented. 
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Figure 12: Greenhouse heating demand profile from simulation



3.3.1 Storage unit parameters 
Calculations using equation 2.7 for an individual pipe show a linear increase in overall heat 
transfer with length. The results are plotted in figure 13, together with a linear fitting 
function. As the increase in length is planned to be roughly 500%, further calculations are 
based on an 450% increase of  the established charging-and discharging powers of  the M-
TES prototype.  

Figure 14 plots the results based on equation 2.7 on the overall heat transfer, UA, as a 
function of  diameter for a single pipe with a length of  5 meter and 1,2 mm wall thickness. 

Note that flow rate is not constant, but also dependent on diameter; since the number of  
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Figure 13: Increase in overall heat transfer coefficient for the tube bundle with length.

Figure 14: Increase in UA as a percentage, for a single pipe with regard to diameter



tubes decrease with pipe diameter, the flow rate per tube increases. Global flow rate for the 
up-scaled M-TES was taken as 5 L/s.  

The decrease in total surface area due to fewer tubes does however offset the increased heat 
transfer per tube. Figure 15 shows the overall UA-value as a percentage of  the nominal value 
for a diameter of  10 mm. The value decreases with fewer tubes. Note that this is for constant 
cross section area and packing factor. These factors also weigh into the relation plotted below. 

The equation plotted in figure 15 is from now on referred to as UA-factor, as it will be used in 
calculating the performance of  the full scale M-TES. Assuming that power increases with 
length as predicted above and linearly with cross section area, the power of  the full scale M-
TES derives to 

!    	 	 	 	 	 	 	 (3.1) 

The cross sectional area of  the full scale M-TES is a function of  its capacity; assuming the 
whole length is utilized, the area is directly dependent on the volume of  PCM,
! , where ”Cap” stands for storage capacity. An expression for a new charging 
time can be formulated by combining with eq. 3.1 where the charging time is a function of  
the UA factor; 

!  

fsP = 4.5 UA(d)
UA(10mm)

Afs

Alab
labP

Cap=L × Afs × ρe

fsP = 4.5 labP
Afs

Alab

UA(d)
UA(10mm)

= Cap=L × Afs × ρe{ } = 4.5 labP
Cap
LρeAlab

UA(d)
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⎤
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!25

Figure 15: Decrease in UA, as percentage, for the whole tube bundle, with diameter



3.3.2 Capacity and logistics optimization  
By varying the storage capacity, UA-factor and mapping towards the two demand scenarios, a 
range of  LCOTE:s can be calculated. The capacities investigated were 0.25-2 MWh per 
storage unit with an UA-factor of  10-100 %. Scenario 1 presents the results for LCOTE and 
logistics of  mapping towards the greenhouse only and scenario 2 the maximum utilization by 
providing heat to both greenhouse and hotel. 

Scenario 1: Mapping towards greenhouse demand 
When mapped towards the demand of  the greenhouse, the minimum calculated LCOTE is 
1380 SEK/MWh for capacities around 1 MWh. Figure 16 shows the plot of  the LCOTE 
with variation in storage capacity and UA factor. 

For storage capacities >600 kWh, the difference in economic performance with UA-factor is 
reduced. This because the heat demand can be met with the corresponding capacity and 
charging time. Thus, the least number of  tubes (lowest UA-factor) should be used to achieve a 
cost effective construction. To establish an UA-factor and capacity, the constraint of  meeting 
the demand of  the greenhouse is taken into consideration. Peak power demand was 
established to almost 90 kW. A storage of  950 kWh is sufficient to be used for 10-11 hours 
during peak load. Peak power might be needed quickly and there should be enough potential 
to meet it. A larger capacity could be realized as well, however, 950 kWh provides the middle 
ground of  a least investment cost as well as optimal supply. In order to enable cycling during 
peak load and this capacity, a charging time of  less than 10 hours is needed. An UA-factor of  
55% is suggested in this case, which makes it necessary to have a diameter of  at least 14 mm 
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Figure 16: LCOTE as a function of  storage capacity and UA-factor



to achieve sufficient power. This results in approximately 4000 tubes in the bundle and a 
bundle weight of  9 tons out of  the total 20 tons to be placed within the container.  

The logistics for this solution is presented graphically in figure 17, which shows the number of  
deliveries that are expected to be needed to meet the demand. The highest number of  
deliveries are in January and December, with an average of  one delivery per day.   

It can also be observed that lower heat demand is needed in the summer months in this 
scenario, thus leading to the high LCOTE. 

Scenario 2: Greenhouse and hotel 
When mapped towards the combined heat demand, the LCOTE is drastically changed, even 
with a higher investment cost due to an added charging station for use at the hotel. Figure 18 
shows how the LCOTE depends on storage capacity and UA-factor.  

High capacity and adequate UA-factor has a strong effect on lowering the LCOTE. Due to 
the weight constraint, the fastest charge and discharge (highest UA-factor) which can be 
achieved is with a tube diameter of  10 mm and related to a maximum storage capacity of  
0.95 MWh. For this type of  design, the minimum LCOTE is calculated to 470 SEK/MWh. 
This corresponds to maximized utilization of  the storage units, meaning 3 transportations per 
day. In practice, this would mean that one M-TES would be stationed at the greenhouse 
when the other is charging. When  fully charged, the storage is transported from Sandvik to 
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Figure 17: Deliveries per month, scenario 1.



the greenhouse and the storage at the greenhouse is moved to the hotel, discharged, and 
moved to Sandvik for charging, thus closing a loop, as illustrated in figure 19.  

The discharge power at the hotel does of  course vary. Appendix 3 shows the plotted data of  

the boiler power that was collected in 2015. From  
these data, it is concluded that power demand is often at least 20% of  the nominal 1.4 MW 
installed capacity, which indicates that a fully charged M-TES would last a maximum of  4.75 
hours. 
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Figure 18: Variation in LCOTE with storage capacity and UA-factor

Greenhouse

Hotel

Sandvik

Figure 19: logistics for scenario 2



3.3.3 Charging stations 
Scenario 1 
This section presents the results of  pump power and heat exchanger capacity estimations. 
The M-TES in scenario 1 has a tube diameter of  14 mm and UA-factor of  55%, resulting in 

an average charging power of  ! . Here, the time 

for charging comes from the derived expression in equation 3.2. Since discharging time could 
be achieved 1.4/4 times faster than charging, the discharging power is estimated to 
100*4/1.4=285 kW. The number of  pipes amounts to ca 3900, resulting in a global flow rate 
capacity of  1.56 L/s, thus the total pressure loss estimated by applying the Darcy-Weisbach 
equation is at maximum 15 MPa resulting a pumping power of  23 kW.    

Scenario 2  
The average charging power in this case is calculated in the same way as above, 
950/5.15=185 kW. The number of  tubes is ~8000, thus the global flow rate capacity is 3.2 
L/s and the total pressure loss is maximum 30 MPa, resulting in a pump power of  98 kW.  

3.2 Possibility for integration with existing hot water storage at Högbo 
The central heating system at Högbo has been inspected. It was noted that the return water 
pipe has a built in bypass channel that allows for auxiliary heating in case of  breakdown of  
the boiler. This provides a suitable point for implementing the charging station at the hotel. 
The M-TES would then raise the temperature of  the return water before reaching the boiler, 
preferably during peak hours in the morning and evening. This layout has potential benefits 
as compared to heating the domestic hot water tank; e.g easier and most probably cheaper 
installation, no need to take the hot water tank out of  operation during rebuilding and easy 
access since the bypass reaches outside the wall. There are several types of  heat exchangers 
that could be used for this solution, e.g a cross flow heat exchanger which achieves high 
efficiencies with simple design.  

3.4 Sensitivity analysis  
Analysis on the calculated LCOTE in each scenario was carried out by varying the economic 
post one by one. This allows for identification in particularly sensitive factors. The result is 
plotted in figure 19a where every investment cost and fuel cost change in percentage is linked 
to a change in LCOTE. Changes to interest rate were also investigated and are presented 
graphically in figure 19b. 

Costs for the storage unit, transportation fuel price and PCM are the main costs influencing 
economic performance of  the system, as well as the lifetime of  the system. 

Pcharge=
cap
tcharge

iUA-factor= 950
5.15
i 0.55=100kW
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4. Discussion and conclusion  
This thesis has extended the M-TES design developed at KTH from theoretical study to a 
practical case. A number of  conclusions can be drawn from the study as well as 
recommendations for further research, which are presented and discussed in this chapter. 

Weight and cost of  construction are first as the main limitations for the transportation using a 
20 ft. container as storage unit compartment with the proposed design of  the heat exchanger. 
Upscaling the design while preserving tube diameter may result higher production cost than 
the one presented here. One solution to reduce the cost is to minimize the number of  tubes, 
which however requires an increase in tube diameter. Thus, effects of  increasing the diameter 
were examined and resulted in a theoretical extension of  the experimental performance 
characteristics - with corresponding levelized cost estimations and logistics layout. The up-
scaling study is based on well-established correlations but may however be considered only as 
estimations. There is a risk that the problem is more complex and that deeper studies on 
choice of  diameter show deviating results. Therefore, studies on the existing design 
producibility and possibility of  other heat exchanger designs are recommended - especially 
since the cost of  the storage is one of  the most influential parameters on economic 
performance. Combined with the uncertainty of  the named approximations, the storage unit 
should be investigated further. 

The feasibility on charging stations at Sandvik is still theoretical. Feasibility is performed 
based on the potential in terms of  available energy and theoretical cost only. Practical 
feasibility of  extracting waste heat from various sites in the complex could influence both cost 
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Figure 19a: Sensitivity analysis Figure 19b: Percentage of  increase in 
LCOTE with Interest rate



and potential in the future. This, of  course, needs to be fully understood and researched in 
detail. 

The case of  Sandvik-Högbo shows to be an interesting case in the sense of  being 
economically feasible based on the performed calculations. A levelized cost of  470-1380 
SEK/MWh is obtained, depending on extent of  usage of  the M-TES, where the higher 
utilization decreases the LCOTE drastically. Although there is uncertainty in these numbers, 
care was taken during the study correctly estimate the costs. For example, the price of  
erythritol was based on small shipments, not bulk, likely resulting in a slight overestimate but 
was considered the safer option when exact quotes were unavailable from bulk suppliers. 
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Appendix 1: HTF properties. 

 

Source: Lauda catalogue, available at http://www.lauda.de/fileadmin/downloads/
Prospekt_Temperierfluessigkeiten_Heat_Transfer_Liquids_160822_web.pdf  

!32



Appendix 2: Steel tube weight and dimensions 
 

 

Source: Stena Stål. Available at http://stenastal.se/PageFiles/9141/
Lagerprislista_nr_99_160705.pdf  
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Appendix 3: Boiler data plot 
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