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Abstract

This thesis presents the design of an air management system used in a dry room for
a lithium-ion battery factory using a Matlab/Simulink environment. The sizing of the
system is based on the 32 GWh battery factory, currently under construction by Morrow
Batteries in Arendal, Norway.
The generic air management system from the literature review was used as a base for the
general layout and initial values. Combining coolers and a desiccant dehumidification
wheel was the optimal solution for the dehumidification system. The molecular sieve was
the selected desiccant due to its high performance at low relative humidity. The outlet air
quality from the dry room, set to avoid chemical reactions with the battery material, is
determined where the moisture content is kept constant at 0.44 gr/lb and a temperature
between 22 and 25◦C. Baseline simulation for the system uses a structure with the lowest
power demand possible whilst maintaining the air quality.
Seasonal fluctuations in ambient conditions bring more moisture into the system with
the make-up air, causing an increased power demand and air mass flow in the summer.
The sizing of the heat exchanger used in the regeneration loop for the desiccant wheel
determines the waste heat temperature. The temperature of the waste heat is 42.64◦C as
an annual average. The purge rate used in the desiccant wheel is proportional to make-
up air and exhaust air, which is a decisive factor for the overall power demand. Further
use of this low-grade waste heat depends on local demand and direct use. The use of
waste heat for drying wood chips to increase caloric value is a potential solution.
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Chapter 1

Introduction

Morrow Battery is a newfound company building a large-scale lithium-ion battery factory
at Eyde Energipark, Arendal. The battery factory is yet to be finished but is estimated to
be running at full capacity in 2024, with an annual production of 32 GWh distributed
to four equal modules. The growing market for electric vehicles (EV’s) has lead to the
development of new, large battery factories. Norway’s advanced process industry and
extensive renewable energy supply make it an ideal location for this industry.

The dry room, where the assembly process of the battery cells are conducted, used in
these factories requires large amounts of energy for temperature control and dehumid-
ification. This makes it the second largest energy-consuming step, after drying/solvent
recovering, with 29.37% of the overall energy demand of the manufacturing process [1].
For this reason, it is interesting to look further into possible ways to make this process
more energy-efficient and how different factors affect energy consumption.
The use of renewable energy in power demanding industries will be an essential part of
becoming a low-emission society. However, this renewable energy is a limited good and
should be utilized to the fullest. Implementing a waste heat recovery system with heat
exchangers and a complimentary industry, and creating a synergetic partnership can be
a step in the right direction of optimizing energy usage. For battery factories and many
others industries, waste heat is released and lost to the surroundings. Even if the the
temperature range is low and hard to utilize, it is still wasted energy.

The initiative for the topic of this thesis is from Norconsult, who was interested in the
development of the battery factory and looking at the potential for energy saving in the
manufacturing process. At the same time, the Norwegian government and the minister
of energy proposed a bill where industries with high power demand that are being built
or upgraded are required to look into the possibility to utilize waste heat [2]. As the global
energy demand keeps rising, it is crucial to find ways to manage our existing energy. Ac-
cording to the minister, focusing on management and efficient use, not only producing
more, is the motivation for the initiative. These two reasons, along with a personal in-
terest in developing new and improved battery technology, are the motivation for topic of
this thesis.
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1.1 Problem Definition

The objective of this thesis is to answer the problems defined below.

• Designing an air management system that can maintain sufficient air quality for a
dry room used in lithium-ion battery manufacturing

• Determine how different conditions in the dry room affect power demand and waste
heat temperature

• Looking at the potential for further use of the waste heat produced

1.2 Limitations and Assumptions

The study from the literature review has been used for initial values for the air manage-
ment system. This factory has an annual production of 100,000 lithium-ion batteries
for EV’s. When the factory is up and running at full capacity, Morrow Batteries will have
an annual production of 32 GWh. The battery pack size is currently unknown, but it
is possible to make an assumption by comparing the factory to FREYR’s factory. This
factory is also expected to have an annual production of 32 GWh, producing 600,000
battery packs for automobiles [3], six times that of the literature review. Moisture loads
and heat produced in the dry room are expected to follow the size of the factory, making
them six times larger as well.

The factory will have four equally sized modules. In this thesis, the results of the power
demand, air mass flow and waste heat will take into account the overall results of these
four modules combined, looking at the factory as a whole.

The power demand presented will only cover the temperature control for the dry room,
mainly for the temperature controlling units. Other factors such as equipment and fans
are not taken into consideration.

The prices and cost analysis in this thesis can not be completely validated as they are
collected from different sources, where some are estimations. The results are largely
based on these prices, but they are meant to work as a guideline showing tendencies
with the different solutions and how changes will affect the cost in either direction. If
anyone were to use this thesis to recreate a similar system, it is possible to follow the
same methodology and change parameters based on the actual values available.

Drying time and consequently the amount of wood chips that could be produced is a bit
uncertain. The original temperature range from [4] is not given, only the temperature rise
from what is defined as an "ordinary summer day". Average, high temperatures during
the three months, June, July and August from Fig. 4.2 is calculated to be 18.2◦C, and
used as reference point in this thesis.
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1.3 Structure of the Report

The structure of the report is as follows. The initial part will cover the relevant theory to
support the work conducted in creating the design of the air management system. This
includes the operational principles of lithium-ion batteries,dehumidifiers, waste heat re-
covery, and moist air properties. Following the theory, the literature review is presented,
containing the description of a generic air management system. This model is used as a
base for the work conducted, with the values functioning as guidelines and initial values.

The next part of the report will describe the dry room conditions, specific for the given fac-
tory, and the description of the simulation done using a Matlab/Simulink environment.
This includes the sizing of the factory, ambient conditions and other relevant details of
the actual Simulink model. Following the simulations, an analysis of the waste heat
quality has been conducted, and the potential for further use explored.

In the final part of the report, the results are presented, answering the research ques-
tion. The discussion reflects on the results, the conclusion sums up the most important
points, and a suggestion for further work on the topic is presented.
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Chapter 2

Theory

2.1 Lithium-ion Batteries

The lithium-ion battery is the most widespread and used battery for a broad range of ap-
plicants. The first commercial use was back in the early 1990’s, where small electronic
devices started using this new technology [5]. The market for electronics and devices has
become gradually saturated. However, as the technology has improved, there is growing
potential within transportation, industry and large-scale energy storage [6]. Lithium-
ion batteries possess some desirable attributes in higher specific and volumetric energy
density than other traditional battery types. These properties result in both lighter and
smaller battery compared with other battery types as displayed in Fig. 2.1.

Figure 2.1: Energy comparison of size and weight for different battery types [7]
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The batteries cells are manufactured in different forms as displayed in Fig. 2.2, where
the main types are cylindrical hard-case, prismatic hard-case or pouch. In terms of pro-
duction cost, the prismatic pouch has the lowest cost, even if the manufacturing process
is more ineffective due to the folding of the cell [8]. However, there are other concerns
than only the batteries price in fields such as the automobile industry. Tesla decided to
use multiple cylindrical cells in their battery packs instead of larger pouch cells [9]. Us-
ing this structure made it possible to install a more efficient cooling system between the
cells to improve the performance and lifetime of the cell. A battery management system
uses voltage protection during charging to avoid higher capacity cells being charged more
than the rest.

Figure 2.2: Lithium-ion battery cell types [8]

2.1.1 Operating Principles of Lithium-ion Batteries

Fig. 2.3 shows the schematics of a lithium-ion battery cell during discharge and the cell’s
operating principles. By connecting multiple of these cells, a battery module is created,
and these modules connected are called battery packs. Series connection will increase
the battery voltage, while the parallel connection gives the battery a higher energy ca-
pacity.
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Figure 2.3: Components of a lithium-ion battery cell [10]

The lithium-ion battery consists of a negative and positive electrode, anode and cathode,
separated by the electrolyte containing a separator. The cathode side has a metal oxide
structure where the lithium is in a stable state. A separated lithium atom is highly reac-
tive and will quickly create a lithium-ion (Li+) and an electron. The Li+ will naturally try
to return to this stable structure, and by creating a path between it and the metal oxide,
electricity can be produced from the electron movement.

The anode has a carbon structure, often graphite, with layers used to trap Li+. Dur-
ing the charging process of this redox reaction, the active material oxidizes, losing an
electron and creating these Li+ [11]. The electrolyte will only allow the Li+ through, forc-
ing the electrons through an external circuit. The electrons are drawn to the positive
charge from a power supply, separating them from the lithium and creating Li+. Eqs.
(2.1) and (2.2) shows these reactions, using a lithium iron phosphate battery cell as an
example.

Li FePO4 + Li+ + e− discharge−−−−−⇀↽−−−−−
charge

LiFePO4 (2.1)

Li
discharge−−−−−⇀↽−−−−−

charge
Li+ + e− (2.2)
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After the negatively charged electrons reach the graphite layer, the positively charged
lithium-ions are also drawn to the negative terminal and trapped. Once all the lithium-
ions are stored at the anode side, the battery is fully charged. The graphite takes no part
in the chemical reaction but only works as a storage medium.

This reaction can be reversed by connecting an external load instead of a power supply
between the two current collectors. A charged battery is in an unstable state, as the Li+

wants to move to the metal oxide structure of the cathode. The electron flow through the
load creates a current as the electrons return to the cathode. The Li+ will also move to
the cathode but through the electrolyte and not the external circuit. The batteries work
according to the electrochemical potential, which can be viewed as a way to measure the
difference between the average energy of the outer electron layer of the molecule in its
two valence states [12].

2.1.2 Separator

If the battery cell is exposed to large amounts of heat, the electrolyte can dry out, caus-
ing a short circuit between the anode and cathode. The separator operates as a built-in
fuse to avoid this scenario. By melting at a temperature lower than what is required to
dry out the electrolyte, the ion movement is stopped as the pores in the separator are
blocked, and the cell shuts down [13]. Without the separator, the drying of electrolyte
could cause a fire or explosion, where the cell’s temperature will increase rapidly. Fig.
2.4 displays the ideal shutdown of a separator when it reaches its temperatures limit. As
the separator with the lowest melting point melts, the pores of the other solids fill, and
ion movement stops [14]. This leads to the current drops to 0, while the voltage levels
increase to 12V for the given experiment and surface temperature gradually cools down.

The combination of different separator material with different melting points adds to the
safety of the battery. Using a combination of polyethylene and polypropylene in a sand-
wich structure, creating a microporous layer. Ceramic-coated separators can also be
used in combination with polyethylene and polypropylene and reduce electrical contact.
The separator must be able to withstand physical stress during manufacturing and be
both chemically and electronically stable. To avoid unnecessary space and weight, the
separator should be as thin as possible while remaining safe and functional. The typical
thickness is around 25 µm, but have also been created as thin as 12µm [13][14]. With
a thinner separator, the safety concern rises as short circuits can easily happen if metal
parts of the battery contact each other. A short circuit can also happen if the battery
cells are punctured or in other ways damaged.
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Figure 2.4: Ideal shutdown of a separator used in lithium-ion batteries [14]

2.1.3 Cathode Materials

The energy from transferring electrons determines the chemical potential for the cathode
and anode. As different crystal structures are used, the Li+ flow changes. A higher volt-
age will carry more energy but will come at the cost of shorter battery life. Using different
materials in the lithium-ion batteries makes it possible to get specific characteristics, de-
pending on the battery’s application. Table 2.1 shows some of these properties for some
of the most common battery types.

Table 2.1: Properties of different cathode materials for lithium-ion batteries [15]
Li-cobalt Li-manganese Li-phosphate NMC

Voltage [V] 3.6 3.7 3.3 3.6 - 3.7
Charge limit [V] 4.2 4.2 3.6 4.2
Cycle life 500 500 - 1000 1000 - 2000 1000 - 2000
Specific energy [Wh/kg] 150 - 190 100 - 135 90 - 120 140
Specific power [C] 1 10, 40 pulse 35 10
Thermal runaway [◦C] 150 250 270 210

Lithium-ion batteries depend on ion movement, which in theory should be able to be ev-
erlasting. However, three main factors negatively affect the cycle life; depth of discharge,
elevated temperatures and high voltage [16]. Even if the battery reaches the given cycle
life, it is not useless but has reached 80% of its original capacity.
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The larger the depth of discharge is, the higher the stress at the battery. A full-depth
discharge is completely draining and charging the battery, which reduced the battery’s
capacity faster than partially charging it. Elevated temperature and high voltage will also
diminish the battery’s capacity, resulting in a shortened cycle life. Even if a high voltage
may seem advantageous as it allows for more energy storage, the life cycle is decreased
rapidly with a higher voltage [16]. The charge limit determines the desired voltage for the
given battery to optimises both performance and longevity.

Specific power in Table 2.1, given in coulomb, describes the battery’s load capability.
This illustrates the battery’s ability for current loading, a desirable attribute for EV’s and
other high powered applications.

At a given temperature called thermal runaway, the battery cell material will decompose
due to an exponential increase in temperature. When this limit is reached, the battery
has a self-heating rate higher than the rate it releases to the surroundings and the reac-
tion is out of control. Several different failures can cause this unwanted reaction, either
mechanical, thermal failure, short circuit, or electrochemical abuse [17]. With a higher
thermal runaway rating, the battery will be safer as it tolerates higher temperatures.

2.1.4 Chemical Reactions with Battery Components

Lithium is a highly reactive metal and will react with both water and air in its pure form.
In its pure form, lithium has a metallic shine but as it comes in contact with air, this
shine disappears due to reactions with the oxygen and moisture [18]. Eqs. (2.3) and (2.4)
show the reactions with oxygen to create lithium oxide and lithium peroxide, while eq.
(2.5) shows the reaction with nitrogen to create lithium nitride.

4Li(s) + O2 (s) −→ 2Li2O(s) (2.3)

2Li(s) + O2 (g) −→ 2Li2O2 (s) (2.4)

6Li(s) + N2 (g) −→ 2LiOH(aq) + H2 (g) (2.5)

Following eq. (2.6), lithium reacts with water, creating the strong base lithium hydroxide
and hydrogen gas in an exothermic reaction [18][19]. These reactions can start after the
battery has been sealed, potentially causing a fire or explosion when used if the materials
are exposed to moisture during manufacturing.

2Li(s) + 2H2O −→ 2LiOH(aq) + H2 (g) (2.6)
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The most commonly used electrolyte in lithium-ion batteries is LiFP6, a lithium salt com-
prised of an organic solvent. Pure LiFP6 is thermally stable for conditions below 107◦C
and moisture content of < 10 PPM (parts per million) [20]. The salt is highly reactive to
water, following eq. (2.7) the reaction produces lithium fluoride (LiF), phosphoryl oxyflu-
oride (POF3) and hydrofluoric acid (HF). Even traces of water will cause this reaction,
which causes severe degradation of the battery cells lifetime and performance. HF is
an unwanted product of this reaction, as the colourless acid is highly corrosive and can
cause damage to both material and personnel.

LiPF6 + H2O −→ LiF + POF3 + 2HF (2.7)

Batteries with a high nickel cathode content, such as NMC, are prone to degradation from
ambient exposure. Residual lithium on the surface reacts with CO2, H2O and O2 to cre-
ate Li2CO3 and LiOH. An NMC-811 cathode was used in this experiment, which contains
80% nickel, 10% manganese, and 10% cobalt [21]. By exposing the cathode material to
ambient conditions for 28 days, the formation of carbonates and oxides created a layer
on the surface. The accumulation of these chemicals caused by moisture, carbon diox-
ide and oxygen increased the charge transfer resistance. The layer created will prevent
intercalation, the process where the ions are stored in the metal oxide structure of the
cathode, and the performance of the battery cell diminishes.

2.2 Dehumidifiers

The objective of a dehumidifier is to create dry conditions by reducing the moisture con-
tent in the air. Dehumidifiers are available in multiple different sizes, from small portable
devices to larger industrial applications. There are two main ways of producing dry air;
lowering the air temperature to condense the vapour into liquid or using a desiccant to
adsorb and remove the moisture from the environment.

The mechanical dehumidifier uses the cooling principle, reducing the temperature of the
air below its dew point. Traditionally, mechanical dehumidifiers are used in residential
or commercial buildings. They are highly energy-efficient, using electrical power as an
energy source.
The desiccant dehumidifiers are more commonly used in industrial applications where
very low moisture contents are required. They are not as energy-efficient due to the
high temperatures required by the regeneration heater. In comparison to mechanical de-
humidifiers, they are more versatile as they can use either thermal energy or electrical
power. One of the main advantage of this type of dehumidifier is the ability to lower the
air’s dew point, rather than freezing the condensed moisture [22]. Desiccant dehumidi-
fiers are divided into either active or passive wheels. The difference is that active wheels
use a regeneration heater for the return air to clear the moisture stored in the wheel in
a desorption process. Using a combination of both types in a system, the advantages of
one will cover the limitations of the other.
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The operating principles of an active desiccant dehumidifier wheel are displayed in Fig.
2.5 for a wheel with a 3:1 split between process air and reactivation air inlet areas is used.
It is also possible to add a third section called the purge section, which is optional but
can reduce power demand and avoid cross-contamination between the two air streams.

Figure 2.5: Desiccant dehumidifier wheel operating principles [23]

The desiccant dehumidifier wheel operates with two continuous inlet counter airstreams,
process and reactivation air. The process air is moist air from a previous stage of the
system where the objective is to remove the moisture content from this airflow. The reac-
tivation air is a heated airstream used to clear the wheel for stored moisture, preparing
it for the adsorption of new moisture from the process air at the next revolution.

2.2.1 Desiccants

The desiccant wheels consist of a rotor with a honeycomb structure, giving it a large
surface covered with a desiccant. The most commonly used desiccants for industrial
dehumidification applications are silica gel and molecular sieve. These desiccants, and
other commonly used desiccant materials, are displayed in Figs. 2.6 and 2.7 showing
the H2O adsorption capacity and rate.
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Figure 2.6: H2O capacity by different desic-
cants [24]

Figure 2.7: Adsorption rate for H2O by dif-
ferent desiccants [24]

The molecular sieve is a synthetic material containing pores with uniform size and net-
work. The size of the molecular lattice can vary in size from 2-15 Å, a unit of measurement
equivalent to 10−10 m. The size of the molecular sieve determines the application, as dif-
ferent molecules have different sizes. H20 is smaller than the CO2 and O2, and by using a
molecular sieve with 3Å, it will efficiently trap the water molecules while the other gasses
get rejected [25][26]. This structure is shown in Fig. 2.8, where the water molecules are
adsorbed by the synthetic zeolite materials of the molecular sieve, filling the open pores
and gets separated from the air stream.

Figure 2.8: Molecular sieve adsorption of H2O molecules [26]
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This water adsorption is an exothermic reaction, as it releases heat to the surroundings
equivalent to 4186 kJ/kg (1800 BTU/lb) [24]. The reversed reaction in the desorption
process will draw heat from the surroundings in an endothermic reaction, with the same
energy as the adsorption of the water. To pass gas through the molecular sieve, it has ad-
ditional pores and channels. This ensures a free flow through the material and complete
utilization of the desiccant. Theoretically, it should be able to store 25% of its weight in
moisture, but due to bindings adding up the weight, it is closer to 20%, as displayed in
Fig. 2.7. For industrial applications, the adsorption rate is an essential factor to prevent
the dehumidification process from becoming a bottleneck or demanding a larger desic-
cant system. Especially at low relative humidity, the molecular sieve has a high capacity
and rate, outperforming the silica gel.

2.3 Waste Heat Recovery

In almost every thermal or mechanical processes, there are some amounts of waste heat
produced. Waste heat is excess thermal energy produced as a by-product from another
process. Water or air are often used as cooling mediums to maintain the temperature
during a process. As the process reaches its practical limit, the waste heat is removed
from the area and released. However, there is still energy available in this medium that
can be used further by implementing a waste heat recovery system. Waste heat recovery
can be divided into two main types; direct or indirect. For direct use, the waste heat
remains in its original thermal state and is used by heat pumps, heat exchanger, or for
district heating. Indirect waste heat recovery converts the thermal energy to either me-
chanical or electrical energy by power cycles such as Rankine, Kalina and ORC (Organic
Rankine Cycle) or Stirling engines [27].

Different temperatures for waste heat are defined at different ranges depending on the
origin and application. In this thesis, the operating range is at the lower end of the spec-
tre, defining high-temperature for temperatures >100◦C and low-temperatures <100◦C
[28]. Higher temperatures are easier to use, as they have a broader range of applications
and are more energy dense. Most low-temperature industrial waste heat is currently re-
leased into the surroundings as it is hard to utilize it efficiently. Investment costs and
low efficient is the reason industries neglect this energy source. Applications for different
temperature ranges of waste heat are displayed in Table 2.2. The ranges will be somewhat
fluid, but this table gives a general idea of the potential use.
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Table 2.2: Applications for waste heat at different temperature ranges [29] [30]
Temperature range [◦C] Application Example

100 - 120 Drying
Power production

Biomass
Kalina Cycle

80 - 100 Pasteurization
Power production

Dairy
ORC

60 - 80 Drying Bricks, algae

40 - 60 Pasteurization Beer

20 - 40

Cold air drying
Greenhouse
Aquaculture
Heating

Wood chips
Vegetables
Fish farming
Keeping areas frost free

The first step in waste heat recovery should be to minimize waste heat production in the
primary process. Poor heat transfer or overloading heat processing equipment are the
main reasons for unnecessary thermal energy is created and lost as waste heat. Once
these parts of the system are satisfactory, it is fitting to look at recovery and further use.

2.3.1 Heat Exchanger

A heat exchanger is a device that allows thermal energy to be transferred from one
medium, fluid or gas, to another. This process can accrues without any cross-contamination
of the two mediums if there are only indirect contact, with a heat transfer area separating
them. Heat exchangers can be used in e.g. ventilation systems, vehicles, industrial waste
heat from melting, drying or other high-temperature applications [27]. Even if all types
of heat exchangers have the same objective, different types are specified for different con-
ditions. The two main types are shell-and-tube, and plate/fin [31]. The shell-and-tube
types use a tube containing one of the fluids or gasses while surrounded by the other in
the shell, using either parallel, counter or crossflow. The plate/fin heat exchangers have
many metal plates, creating a bigger surface area for a faster heat transfer. The rate that
the heat can be transferred can be calculated using eq. (2.8), and is a general formula
describing heat transfer.

Q = Ṁ Cp (Tout − Tin) = UA (Tout − Tin) (2.8)

Where:
Q = Heat transfer rate, kW
Ṁ = Mass flow, kg/s
Cp = Specific heat capacity of medium, kJ/kgK
Tout = Temperature out, K
Tin = Temperature in, K
U = Heat transfer coefficient, kW/m2 K
A = Surface area, m2
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In the case of exhaust gasses where heat exchangers are used, deposit corrosive solids
can be a problem as it requires either frequent cleaning or advanced materials to with-
stand corrosion [28]. Heat transfer rate is also often low, as displayed in eq. 2.8, it is a
function of temperature differences. With low temperature differences, the heat transfer
rate will also be low, and a large surface area is required to collect the energy.

Depending on the origin of the medium, it may contain toxic or unwanted contaminants.
Direct and indirect contact condensation recovery offers two different approaches for this
problem [28]. For direct condensation, the exhaust gas is mixed with cold water directly,
transfers thermal energy, and potentially contaminates the water. By separating the two
mediums from each other using a shell and tube heat exchanger, the contamination will
be avoided as the heat transfer happens indirectly.

2.3.2 Drying of Biomass

The use of biomass for thermal energy is one of the oldest energy forms used and still
relevant today. Calorific value is used as a measurement of the energy available in dif-
ferent types of biomass, given as kWh/m3 [4]. This value is primarily impacted by the
moisture content, which will also reduce the combustion process’s efficiency. Therefore,
drying biomass is an important step to utilize the energy source to the fullest.

Wood chips originate from various types of biomass divided into smaller parts, which
are often used for fuel in heating plants. In its raw form, the moisture content will be
∼50% and a calorific value of 504 kWh/m3. By reducing the moisture content to 20%
this values increases to 697 kWh/m3 due to a more efficient combustion process with
less moisture involved [4].

The drying technique called artificial drying uses forced convection by blowing air at
the biomass using a fan. With a significantly higher heat transfer coefficient [32], the
moisture removal rate increases and drying time reduced. This relationship is displayed
in Fig.E.1, where elevated temperatures will contribute to a faster drying process. Solar
collectors are used to take advantage of this phenomena, pre-heating the ambient air for
biomass drying.

2.3.3 Waste Heat Mediums

The form of the waste heat plays a significant part in the potential range. Industrial
waste heat is almost always in one of two forms; gaseous or liquid. Assuming that the
properties of the gaseous waste heat are the same as air and that the liquid is water, the
different properties are displayed in Table 2.3.

Table 2.3: Comparison between the properties of water and air [33][]
Heat capacity [kJ/kg K] Density [kg/m3] Thermal conductivity [W/m K]

Water 4.184 1,000 0.606
Air 1.005 1.225 0.026
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Heat capacity can be defined as the energy required to change a given mass a unit change
of temperature. With a higher heat capacity, the material uses more energy to heat up to
a higher temperature. However, it will also maintain this temperature for a more extended
period, assuming the same conditions as another mediumwith lower heat capacity. Ther-
mal conductivity describes the ability of a material to conduct heat. This is defined as
the quantity of heat transmitted through a given material at a unit thickness to a unit
temperature [33]. A higher thermal conductive material will therefore transfer heat at a
higher rate. For the two mediums, the largest difference is in the density. In terms of
waste heat, this means that it is required a considerable larger amount, in volume, of air
to cover the same energy amount for water.

Overall, water is the preferred medium for waste heat applications due to the smaller
volume and reduced heat loss in transmission. For both medium, it will be preferable to
align the supply of the waste heat with the local demand to create a synergistic relation-
ship between the two parties. Exhaust gasses need to be within proximity of the source,
while wastewater can be transported longer distances. The temperature will also play a
prominent role in the supply range, where low-grade temperatures have limited distances
regardless of the medium.

2.4 Moist Air Properties

The Mollier diagram in Fig. 2.9 is a graphical representation of the interaction between
temperature, moisture content, relative humidity and specific enthalpy in moist air. The
diagram is a practical way to determine how these factors affect each other when they
are changed and knowing the state and properties of the air.

The horizontal lines represent the temperature. Proportionally spaced, they show the
temperature of the air given in ◦C. The vertical lines represent the moisture content of
the air, also known as absolute humidity, given as kg/kg. As the diagram displays, the
air’s capacity to store moisture increases for elevated temperature. The curved lines are
for the air’s relative humidity. Given as a percentage, where at 100% relative humidity
the air has reached its saturation point, and the vapour will start to condense. Specific
enthalpy is the final measured property of the air, given as kJ/kg in the diagonal lines.
Similarly to the adsorption capacity of moisture, the air’s enthalpy is higher for higher
temperatures.
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Figure 2.9: Mollier diagram for moist air [34]
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Chapter 3

Literature Review

"Study of a Dry Room in a Battery Manufacturing Plant using a Process Model" [35]

This study looks at one of the highest energy-consuming steps in lithium-ion battery
production, the dry room. Temperature controlling and drying of large volumes of air is
required to maintain sufficient dry room conditions of a moisture concentration of 0.44
gr/lb or 100 parts per million by volume (PPMV) of air.

The generic model created is for a factory assumed to produce 100,000 packs of lithium-
ion battery packs for automobiles. The input parameters of the ambient conditions are
set at 33◦C and relative humidity of 50%. The drying process uses a combination of
cooling air and a desiccant dehumidification wheel with molecular sieve to remove the
moisture from the air. A regeneration purge air stream of 5% is used to remove contami-
nants and moisture from the desiccant wheel and the air stream and is included in a loop
with a heat exchanger to re-use the thermal energy. There are three primary sources of
moisture loads; personnel, negative electrodes, and inlet air.

The study’s objective is to determine the price of each battery pack based on the condi-
tions in the dry room air management. Changing the input parameter of the make-up
air or structure of the temperature control the overall cost of the production varies. The
results presented show the impacts of each of them and give the reader an option for the
most important factor for their situation. A decreased purge rate will reduce the energy
cost with a resulting lowered make-up airflow rate but increases the possibility of the
buildup of contaminants in the desiccant wheel. Similarly, the heat exchanger’s sizing
has a significant impact on the energy needed for the regeneration heater and adds a new
investment and operation cost to the system. By running multiple simulations of these
changing parameters, the optimal composition of variable conditions is obtained.
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Chapter 4

Dry Room Environment and
Simulation of the System

The objective is to create a system of the air management system used in a lithium-ion
battery manufacturing dry room. The simulation is used to find the waste heat temper-
ature and determine potential energy saving steps of the manufacturing process, such
as purge rate, sizing the heat exchanger for regeneration heat, by using annual ambient
conditions. Matlab/Simulink environment is used to create the system and simulate the
results. As the battery factory and dry room itself are yet to be built, a generic model is
created following similar models, using the available information such as size, the fac-
tory’s overall capacity, and ambient conditions. Part of finding energy saving steps in
the manufacturing process is to look at further use of the waste heat from the factory.
The temperature and amount are determining factors and the local requirements at the
factory in deciding the best way of utilizing this energy. Temperature control and de-
humidification of the air in the dry room is an energy demanding process, especially in
humid and hot environments.

The first step of this thesis is to map out the details surrounding Morrow Batteries,
including the motivation/reason for the foundation, conditions at the site and required
environment inside the dry room. Following the initial gathering of information, the dry
room’s air management system will be created in Simulink, and the different applications
for further use of waste heat are examined.

4.1 Morrow Batteries

The company Morrow Batteries is created by Agder Energi and investor Bjørn Rune Gjel-
sten to supply the growing demand for batteries used in the transportation sector. The
initiative started in 2015 by Frederic Hauge and the environmental foundation Bellona
[36], and the factory is expected to be running at full capacity in 2024 [37]. Multiple
different locations on the south coast of Norway was considered, and by 12.22.2020, the
board of Morrow Batteries unanimously voted Eyde Energipark, Arendal as the factory
site [38]. The location is displayed in Fig. 4.1, with the factory to be located north-east
of Arendal centre.
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Figure 4.1: Location of Morrow Batteries [39]

According to the company’s CEO, Terje Andersen [40], the location close to the European
market with connections to airports and a port was critical in selecting the location.
This makes it possible to implement Morrow’s ambition of sustainability in all produc-
tion steps to create the greenest battery on the market. By taking advantage of Norway’s
abundance of clean, renewable energy and advanced process industry, they should com-
pete with the Asian marked [36]. The location is also located between two major areas in
the Norwegian industry, Kristiansand and Grenland.

The factory will have a total capacity of 32 GWh, divided into four equal 8 GWh modules
[37]. Initially, existing lithium-ion battery technology will be used, but new battery types
such as lithium-sulfur are expected to be produced in the future. This part of the mar-
ket is currently dominated by countries such as China, Japan, and South Korea, where
their energy production is mainly coal-fueled. It is estimated that Morrow’s factory will
have approximately 2,500 workers. For environmental and business reasons, the project
has been met with a positive attitude in the local areas. The global battery market is
expanding rapidly and will be an important step for the green shift.

The monthly averages of temperatures and humidity for the factory site are displayed in
Figs. 4.2 and 4.3. These values will be used at the input signals in the simulation of the
system to determine how they affect the energy consumption, waste heat temperatures
and air mass flow.
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Figure 4.2: Average temperature [41] Figure 4.3: Average relative humidity [41]

The temperatures are presented as high and low-temperature averages in ◦C and the
moisture as a relative humidity percentage. These two initial conditions have a signif-
icant impact on the energy consumption of the dry room. Elevated temperatures gives
the air a higher moisture storing capacity. The relative humidity of the make-up air is
the percentage humidity of the total capacity of the given temperature before it reaches
saturation.

4.2 Dry Room Environment

To accurately model an air management system for a dry room used in lithium-ion battery
manufacturing, it is important to understand how the process of manufacturing the
batteries and the specifications of the room. This thesis’s dry room is based on the
Harris Environmental Dry Room Design [42] and scaled up to the expected size of the 32
GWh in annual production. By following a similar air management system for another dry
room described in the literature review, the general layout, temperature, and moisture
content limits are used as a starting point. Furthermore, this section aims to obtain the
required knowledge of battery production and dry rooms to later on being able to create
and simulate an operational air management system.

4.2.1 Lithium-ion Battery Manufacturing

The manufacturing process of lithium-ion batteries are slightly different from factory to
factory, but they all follow the same basic principles. This subsection will describe the
main steps from raw material to a finished battery, focusing on the cell production and
assembly process. This is because the mining and refining of materials are very sim-
ilar for each factory and do not take place in this given location as the raw materials
are imported. The focus of this thesis is the processes accruing during cell production.
The manufacturing processes of lithium-ion batteries are divided into three main stages;
electrode manufacturing, assembly and electrical formation.
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Electrode Manufacturing;
The raw materials used in lithium-ion batteries are mainly graphite, aluminium, lithium
and copper. In common for all of them, the raw material has to undergo a mining and
refining process before they are delivered to the factory for cell manufacturing. The elec-
trode manufacturing stages are displayed in Fig. 4.4 displays the electrode manufactur-
ing stages.

Figure 4.4: Electrode manufacturing stages [43]

The first step of the cell production is mixing this raw material into a slurry by adding
NMP-solvent (N-Methyl-2-pyrrolidone), using a rotating container mixer in a vacuum to
avoid gas inclusion. This process uses separated mixers for the anode and cathode side
of the battery cell. The mixed slurry is used to coat the foil, which creates a thin film on
both sides [44][45].
Following the coating process, the film is transported to the first of two drying rooms us-
ing a conveyance drying belt to evaporate moisture and solvent from the slurry mixing.
Most lithium-ion battery factories have implemented an NMP-solvent recovery system.
There is a twofold reason for this, as the solvent is both expensive the toxic. Systems
like this are estimated to recover and reuse > 95% [46] of the solvent from the two drying
processes by distilling the NMP. This recovery will also make the exhaust gas released
from the ventilation system less toxic, making it possible to release into the surroundings
as few other hazardous contaminants are released within the factory.
During the compressing process, the foil is compressed using a pair of rotating rollers
used to get the thickness of the foil right. The original roll, the mother roll, is divided
into smaller rolls called daughter rolls for the final part of the electrode manufacturing
process, the slitting.

Assembly;
The first step is the second and final drying process, using a vacuum dryer that removed
the residual moisture and solvents at a low temperature. The dried rolls are prepared
for the cell assembly by welding the tabs together. A pattern called Z-folding is used
for stacking, where continuous layers of anode, separator, cathode, and separator are
continuously stacked to a battery cell [44]. The packaging process is slightly different
depending on the types of battery cells are manufactured. The current collectors are
welded together for the pouched cell, anode to copper and cathode to aluminium. Then
the cell is sealed gas-tight on three of four sides, where the fourth is left for the electrode
filling. A dosing needle is used to insert the electrolyte into the cell at vacuum conditions
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before the pouch cell is sealed. Fig. 4.5 shows the steps in the assembly process.

Figure 4.5: Assembly stages [43]

For the prismatic and cylindrical cells, the first step after the stacking is the winding.
The prismatic cells use a flat winding, and the cylindrical is winded around a centre pin
before they are held together by an adhesive tape. Both cell types are placed in a robust
metal housing before the housing and terminals are welded together. Similarly to the
pouched cells, the electrolyte filling is done in a vacuum using a dosing needle. With the
electrolyte filled, the assembly process is finished.

Electrical Formation;
According to predefined voltage and current curves, the first charge and discharge of the
battery cell are called pre-formation. Larger pouch cells are especially prone to the pro-
duction of gas during the first charging. Therefore the degassing process is implemented
where the gas bag is pierced to release the gas, disposed of as hazardous waste. The
electrical formation steps are displayed in Fig. 4.6.

Figure 4.6: Electrical formation stages [43]

The cell’s ageing is one of the final steps for production, where the cell performance and
characteristics are tested during open-circuit voltage. After the final storage period, the
battery cell’s are ran through an end of line testing to determine the performance and
quality before they are packed and shipped away.
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4.2.2 Specifications and Conditions

The processes described above are conducted at different locations within the battery
factory. The assembly route of the production process in Fig. 4.7 shows the general
order followed inside the factory. Different conditions are required for the dry room and
the rest of the factory, and for energy-saving reasons, only the assembly process needs
dry room conditions. Inside the dry room, there are three main objectives to ensure a
sufficient environment;

• Avoid unwanted chemical reactions that can lead to a short circuit of the battery

• Maintain the quality of the product by keeping moisture content and temperature
at a constant and set level

• Control the amount of air required in circulation to reduce energy cost for temper-
ature control and dehumidification

The assembly process is the point where the battery materials are most susceptible to
small amounts of moisture in the air. At this stage, the material has been dried but are
not sealed off from the surroundings yet. Only clean room condition is required to avoid
contamination of the cell. Trapping even small traces of moisture inside the sealing would
cause unwanted chemical reactions with the material, diminishing the quality and, and
in the worst case cause a short circuit. Airlocks surrounding the perimeter of the dry
room keeps contaminated air from entering the room.

Figure 4.7: Assembly route for lithium-ion battery production [47]

Fig. 4.8 displays the fundamental difference between the clean and dry room. The clean
room only requires a filtration system to remove impurities and contamination from the
air, while the dry room uses a drying unit to reach very low humidity. A heat exchanger
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can also be incorporated to recover heat from the process and reuse it to improve the over-
all system’s energy efficiency. The temperature of the dry room should always be kept
within the range of 22-25◦C [19][42] and with a dew point between -90◦C and -35◦C.
Heaters and coolers are used to maintain desired temperature ranges throughout the air
management system. The dew point can also be viewed as relative humidity or moisture
content, and these relationships are displayed in Table B.1.

Figure 4.8: Difference between dry rooms and clean rooms [44]

The supply air, dried make-up air, is mixed using an air blender with return air from
a previous circulation of the room. The fresh air enters the dry room through vents in
the ceiling and enters a pre-cooler before mixing with returning air from the dry room.
Moisture transmission through the walls and ceiling is avoided using a vapour tight con-
struction. Metal clad insulated modular panels provides some distinct advantages for
dry room constructions. They provide zero vapour transmission from the surroundings,
easy to either expand or move the dry room and are simple to install. To ensure that the
panels remain vapour proof, either silicon or foam in place urethane is used to cover any
joints between modules. The same is the case for ducts or pipes entering and leaving
the room. The floor is either covered in sheet vinyl, conductive tiles or using a sealed
concrete floor to avoid moisture from the ground transmitting into the room [42].

An airlock prevents the outside moisture and other contamination from entering through
the doorways, using pressurized dry air to keep the internal environment at dry room
conditions. Dry air from the dehumidification system is used to keep the moisture con-
tent in the room low. This dry air absorbs moisture from various moisture loads inside
the room to maintain the given moisture content limit. Exhaust air is released to the
surroundings, containing moisture and other contaminants from the room, while new
make-up air enters the room at the same rate as the exhaust air leaves. The majority of
the airflow is reused and mixed with the new air to reduce the cost of temperature control
and dehumidification.
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4.2.3 Dehumidification System

The objective of the dehumidification system is to dry the air entering the dry room to
keep it at dry room conditions. In this system, a desiccant dehumidification wheel is used
in combination with coolers. By combining mechanical dehumidification and adsorption
with desiccants, the system becomes as energy-efficient as possible whilst providing dry
room conditions. This types of system can also incorporate clean, renewable energy
sources, making the process potentially emission-free.

There are two main types of desiccant materials used for desiccant wheels: silica gel and
molecular sieve. The conditions and applications determines which is the most suitable
of the two. For conditions with high moisture content and relative humidity, >40%, the
silica gel has a higher H2O adsorption capacity and is the best choice [48]. This is often
the case for residential use, where the moisture content can be higher than for industrial
applications. The environment inside the dry room demands low dew point and condi-
tions with very low relative humidity. Due to the pre-cooler and the air blender mixing,
the inlet air to the desiccant wheel has an already low moisture content. This makes the
molecular sieve the best option for the desiccant wheel used in a dry room for lithium-ion
battery manufacturing.

The molecular sieve uses physical adsorption to capture the water molecules. The ad-
sorption of water molecules releases energy when the bonds are created. This exother-
mic reaction releases what is called adsorption energy, set to be 4186 kJ/kg. Following
eq.(4.1), the adsorption heat is calculated, which is the temperature change from either
adsorbing or desorbing the water molecules to and from the desiccant. The endothermic
desorbtion process draws energy from the surrounding, and is the reversed adsorption
process.

∆T = ω ∗ q

Cp

(4.1)

Where:
∆T = Temperature change, K
ω = Moisture content, kg/kg
q = Adsorption heat, kJ/kg
Cp = Heat capacity air, kJ/kgK

The temperature change depends on the adsorption rate of moisture from the air, which
directly correlates to the amount of moisture removed from the air. The desiccant wheel
is divided into three main sections for different airflows; process air, regeneration air, and
purge section. The most commonly used division between the process air is either 3:1 or
1:1, process air to regeneration air. Using the 3:1 requires a higher regeneration temper-
ature to recover the moisture from the wheel and utilize a larger inlet process airstream
for adsorption. The correlation between the sections’ size and regeneration temperature
makes it possible to use a lower temperature for the 1:1 division.
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The third and final section, purge section or purge angle, is optional for the desiccant
wheel. This purge angle can be defined as the ratio of moisture removed from the inlet
air per unit time to the amount of heat required to regenerate the desiccant wheel per unit
time. The optimum angle for a wheel using hot regeneration temperature between 140
and 170◦C is 29.7◦ [49]. Converting to the percentage of the wheel area, this amounts to
8.17%, which will be used for the purge rate of the air stream in the simulations, making
the reuse rate the remaining 91.83%. Fig. 4.9 shows the different sections and the wheel
itself from different angles.

Figure 4.9: Purge section of desiccant wheel at different angles [50]

At this point of the air management system, as the process air stream enters the wheel,
the air stream is divided into two; dry air stream and purge stream. The use of a
purge stream has proved to improve the processed supply air quality by reducing cross-
contamination. The two parameters affecting the purge flow is pressure and area. A
static pressure between outdoor and return air is used as the driving force of the purge
flow. It forces the contaminates of the air to the return airflow, where it gets released on
the other side of the wheel as exhaust gas. The purge section area can either be fixed
or adjustable and needs to be large enough to let all the contaminates through to avoid
cross-contamination with the dried supply air [51]. For a higher regeneration temper-
ature, moisture adsorption in the dehumidification process improves, but the thermal
coefficient of performance decreases.

29



Before the return air re-enters the desiccant wheel, it goes through a loop containing
a heat exchanger and a regeneration heater to conserve energy and increase the tem-
perature of the airstream. The regeneration heater in this system reheats the airflow to
146◦C [52][35], which is required to initiate the desorption process to clear the desiccant
wheel. The high temperature makes it possible to store large amounts of moisture in the
airflow as it exits the wheel with both moisture and other contaminants. To restore as
much of the thermal energy as possible, this exhaust air exits the system through a heat
exchanger, heating the subsequent purge airflow as the cycle continues. After the air
stream containing the contaminates releases its thermal energy it is released as waste
heat outside the factory walls. The direction of the airflows are displayed in Fig. 4.10.

4.2.4 Moisture Loads

The max moisture limit set at 0.44 gr/lb [35] moisture leaving the dry room determines
the airflow through the system. Suppose the air’s moisture content becomes higher than
this; it will negatively affect the performance and lifetime of the batteries by reacting with
the exposed material before the cells are sealed. For a dry room to function optimally, the
different moisture loads in the system need to be managed. They can be divided into two
main types; internal and external. Internal loads are the moisture released from inside
the room from either personnel or battery material. The external is from the outside of
the facility from make-up air, door openings or vapour transmission through walls, floor
or the ceiling. The values for internal loads are based in the literature review [35], scaled
to this factory as they are six times larger.

Internal Loads;
The first of the moisture loads are the personnel present in the dry room. Per man-hour
is expected to produce 1500 grains of moisture [52][42] and with 180 workers expected
to be in the room, this load amounts to 75 gr/s or 4.86 g/s.
According to [35], the moisture load from the battery material, the negative electrodes
will supply a load of 2.52 g/s for a battery factory this size. The moisture content in the
negative electrodes is assumed to be 0.05 wt%. This load is developed during the final
drying process in the first step of the assembly stage, as displayed in Fig. 4.5.

External Loads;
The make-up airflow goes through several stages to remove the moisture content before it
reaches the dry room, including cooling and dehumidification with the desiccant wheel.
Ambient temperature and relative humidity are determining factors for the moisture con-
tent in the make-up air at the given site. Even if the entering airflow has an extremely low
moisture content after the dehumidification processes, it adds up with the other moisture
loads with approximately 0.07 gr/lb. There are some fluctuations in the overall moisture
load from the dried air from the desiccant wheel, which are displayed in Fig. 4.23.

Door openings and vapour transmission provide the subsequent potential moisture loads.
By purging airlocks with dry room air, moist outside air is removed from the door open-
ings. Positive pressure inside the room keeps the outside air away from the entryway to
the room. making it approximately unaffected by the outside climate. The same can be
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said for vapour transmission through walls, floor and ceiling. The construction process
and technology of the dry rooms of today prevents this from being a factor. For these
reasons, this moisture load can be neglected as the dry room is practically isolated from
the outside conditions.

4.2.5 Air Mass Flow Calculation

The air mass flow rate required through the dry room can be calculated using eq.(4.2)
[53]. This is the required amount of air to remove a given amount of moisture from an
environment. The calculations take into account the inlet moisture loads and a set limit
for the humidity ratio of the air inside the dry room. The mass flow rate calculated is the
required circulation of air to maintain a moisture content at a set limit.

Ṁ = G

(xr − xa) (4.2)

Where:
Ṁ = Mass flow air, kg/s
G = Moisture load, kg/s
xr = Humidity ratio room, kg moisture/kg air
xa = Humidity ratio inlet air, kg moisture/kg air

For this system, the set value will be the humidity ratio in the room, xr, that controls the
mass flow. This represents the moisture content of the outlet air of the dry room, and
should have a constant value of 0.44 gr/lb to keep the air quality of the dry room. The
other values are changing constantly, depending on the conditions in the system.

4.3 Simulink Model

The air management system is created using a Matlab/Simulink environment. The
programs works together to create and customize multiple different types of systems.
Simulink creates a physical model with graphical programming, while the Matlab envi-
ronment is the textual part where data sets are imported, and simulations can be vi-
sualized. By running simulations in the initial stage of a project, risk and cost can be
reduced as the simulations can accurately emulate the actual conditions. Testing differ-
ent methods and approaches will reveal the optimal solutions. In some cases, a generic
model of a given system can be accessed and customized by adding known parameters
and values. It is also possible to build the model from scratch, such as this system has
been. Simulink has been the primary simulation tool in this thesis, using the physical
model of the system to simulate the results.

Fig. 4.10 shows a flow chart describing the air management system following the di-
rection of the airflow through the simulation model. The details for each of the major
components will be described in this section.
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Figure 4.10: Schematic of the air management system for the dry room

4.3.1 Simulation Strategy

The Simulink model uses two main input parameters; make-up air temperature and
relative humidity. The objective is to simulate the air management system during the
conditions for an entire year. Ambient conditions follow the seasonal fluctuations and to
determine how the system responds to these; a one-year simulation will be conducted.
The total simulation time is 1200 seconds, with each 100-second interval representing
one month, starting in January.

Each of the temperature control units has temperature limits, using a previous study of
a dry room [35] for the baseline values. By testing, these values have been altered and
customized to optimize the given system for the ambient conditions, expected loads and
to maintain within some given limits. For more preferable conditions than the limits, for
example, lower temperatures air entering a cooler, it passes through a switch without
any changes.
The moisture controller in the dry room uses a reactive feedback loop to correct the actual
value to the target limit. This limit, set at 0.44 gr/lb or 100 PPMV dry air, controls the
mass airflow through the room. 100 PPMV results in a dew point of -42◦C with a relative
humidity of 0.410%, shown in Table B.1. In this case, the moisture limit is a set value,
where higher and lower values will be corrected to maintain stable conditions. Higher
moisture content in the room will demand a higher air mass flow to keep the moisture
content at the desired level following eq. (4.2). For conditions where the moisture content
is below the limit, the mass flow is reduced to keep the moisture level constant. There
is a direct correlation between inlet make-up air and air mass flow, as the purge rate is
fixed. Due to this relationship, unnecessary high mass flow will result in more energy
spent on temperature controlling and dehumidification of make-up air.

4.3.2 Input Values

The input values for the simulation are the make-up air temperature and its relative
humidity. These values will vary according to the ambient conditions at the factory site.
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For Arendal, the average temperature and relative humidity for each month during a year
are displayed in Figs. 4.2 and 4.3. These values are used in the simulation. The actual
input signals used in the simulations are presented in Figs. 4.11 and 4.12.

Figure 4.11: Temperature make-up air

Figure 4.12: Relative humidity make-up air

The coolers’ temperatures limits are determined based on the overall power demand and
used as an indicator for the optimal temperatures. The initial values are based on the
literature review and tested with a +/- 3◦C, from the 9◦C for the pre-cooler and 13◦C for
the cooler. Table 4.3.2 shows the result of the simulations to deciding the new tempera-
tures of these two units.
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Table 4.1: Simulation results for cooler temperatures
Pre-cooler [◦C] Cooler [◦C] Power [kW] Mass flow [kg/s]

9 10 4806 173.5
9 13 4901 180.9
9 16 4895 183.5
6 10 4562 165.6
6 13 4676 174.0
6 16 4648 175.3
12 10 5069 182.0
12 13 5130 187.8
12 16 5177 192.7

The power demand of the overall system is at its lowest when the two coolers operate at
a higher capacity, cooling the air to 6◦C for the pre-cooler and 10◦C for the cooler. Even
if there is a higher power demand for cooling the air, the air mass flow is reduced by
removing moisture from the mechanical dehumidifier. Another benefit of this structure
is that the power demand and mass flow gets a more stable profile with less seasonal
fluctuation due to more constant inlet moisture. The results of these simulations are not
the final values used as other parts of the system has been changed. It is only used to
determine the temperatures based on the lowest power demand.

4.3.3 Pre-Cooler

The pre-cooler will function as a mechanical dehumidifier by reducing the make-up air
temperature to reduce the moisture content. The desired upper limit for the outlet tem-
perature is 6◦C, but a lower temperature will pass through a switch unchanged. Fig. 4.13
shows the pre-cooler subsystem with temperature and relative humidity as inlet values
from the ambient conditions of the make-up air.

Figure 4.13: Control systems and cooling unit for the pre-cooler

The temperature controller system in Fig. 4.14 uses the desired output temperature set
at 6◦C and a PID controller to adjust the actual temperature to the desired. All the con-
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trollers in the system use a closed-loop for the simulations. As the desired value used
in the control system is a max limit, a switch is incorporated. This ensures that values
lower than the limit will not enter the control loop and remain the original value as it
is even more desirable. There will be a temperature difference between the input and
output for the temperatures adjusted by the controller. This value is used to calculate
the power required to achieve this temperature for the airflow.

Figure 4.14: Temperature controller for pre-cooler

The outlet temperature from the temperature controller is used in a lookup table for mois-
ture content in the air. These values are from Table 4.2, following the Mollier diagram
[34][54]. The moisture content selected from this table by assuming the same relative
humidity as the ambient conditions for the cooled air, depending on input temperature
and relative humidity. The temperature is given within the range of -1 to 38◦C and the
relative humidity from 0 to 100%. Output values are determined by interpolating be-
tween the table values for changing input, and given as grains moisture per pound dry
air (gr/lb).
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Table 4.2: Moisture content in air depending on relative humidity and temperature during
standard atmospheric pressure [54]

Relative Humidity [%] Temperature [◦C]

-20 -1 4 10 16 21 27 32 38

0 0 0 0 0 0 0 0 0 0
10 0 3 4 6 8 11 16 21 29
20 0 5 7 10 16 21 30 42 58
30 0 7 11 14 22 34 46 65 87
40 0 9 14 20 30 44 62 85 116
50 0 12 18 26 39 55 78 108 147
60 0 14 22 32 48 66 92 128 176
70 0 17 26 38 54 78 108 152 208
80 0 19 29 42 62 88 125 173 234
90 0 21 33 48 70 100 140 190 258
100 0 23 37 56 79 114 156 208 273

Fig. 4.15 shows the moisture content of the outlet air from the pre-cooler before it enters
the air blender.

Figure 4.15: Moisture content out from pre-cooler

The cooler subsystem is used to determine the power demand for the temperature control
of the air. Inside the cooler subsystem, there are two main parts showed in Fig. 4.16; a
thermostat and a cooler. The thermostat uses a relay with an on/off switch, dependent
on a positive temperature difference. In this case, the output signal will be 1, represent-
ing a turned on cooler. For temperature differences of 0 or a negative value, the switch
is turned off.
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Figure 4.16: Inside the cooler subsystem

The cooler operates following eq. (2.8), combined with the on/off signal from the ther-
mostat. Fig. 4.17 shows the cooler block where the temperature difference is multiplied
with the mass flow, specific heat for air, mass flow and purge rate of the air. The mass
flow will be calculated in the dry room section, as it depends on the moisture content in
the room. This value is constantly changing as it adapts to the given conditions in the
dry room to reduce energy demand while maintaining the required conditions.

Figure 4.17: Power calculations pre-cooler

4.3.4 Air Blender

The air blender operates as an economiser by mixing two airflows, inlet make-up air and
outlet dry room air. The make-up air is proportional to the purge rate, which is equal to
8.17% of the overall mass flow. The remaining 91.83% is the outlet from the dry room
called the reuse rate. This airflow is reused in the air management system and blended
with the new airflow from the input make-up air. Fig. 4.18 displays this system in the
Simulink model, where the gains represent the reuse and purge rate.
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Figure 4.18: Air blender mixing airflows from pre-cooler and dry room

The temperature and moisture content outlet values from the air blender are displayed
in Figs. 4.19 and 4.20.

Figure 4.19: Temperature of the outlet air from the air blender
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Figure 4.20: Moisture content of the outlet air from the air blender

4.3.5 Desiccant Dehumidification Wheel

The simulations of the desiccant wheel is conducted using a simulation software from
NovelAire [55]. As the desired outlet moisture content for a dry room is very low, a 3:1
spilt between process and regeneration area is used with a high regeneration tempera-
ture. The two airflows uses a counter flow and a high temperature regeneration heat
airflow at 146◦C. The simulation model is displayed in Fig. 4.21, using the expected inlet
parameters of 10 ◦C and 3 gr/lb for air temperature and moisture content of the air.

The inlet temperature and moisture content of the air will deviate from earlier described
and expected values of 10◦C and 3 gr/lb during the simulation. Therefore, different val-
ues have been simulated during the otherwise equal settings to cover a broad spectre of
inlet conditions. The inlet temperature has been tested for 0-30◦C with a moisture con-
tent between 0-10 gr/lb, with a constant regeneration temperature at 146◦C. The results
of the simulations are displayed in Table 4.3, which are used in a lookup table in the
Simulink model. The outlet values will be interpolated depending on the two inlet values,
providing the outlet moisture content from the desiccant wheel.
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Figure 4.21: Simulation tool from NovelAire for the desiccant wheel [55]

The model is validated as the results correspond with the results from the literature re-
view. The simulation results gives 0.07 gr/lb for the same inlet conditions, 10◦C and 3
gr/lb, where the study from the literature reviews value is 0.066 gr/lb.

Table 4.3: Simulation results for desiccant wheel
Temperature [◦C] Moisture content [gr/lb]

0 1 2 3 4 5 6 10

0 0 0.02 0.04 0.07 0.10 0.10 0.12 0.17
6 0 0.03 0.05 0.07 0.09 0.11 0.14 0.22
8 0 0.03 0.05 0.07 0.09 0.12 0.14 0.23
10 0 0.03 0.05 0.07 0.10 0.12 0.14 0.24
12 0 0.03 0.05 0.08 0.10 0.12 0.15 0.25
18 0 0.03 0.06 0.08 0.11 0.14 0.17 0.28
30 0 0.04 0.07 0.11 0.15 0.19 0.23 0.40

The Simulink subsystem of the desiccant wheel is shown in Fig. 4.22. The two inputs
used in the lookup table of the desiccant wheel simulation are temperature and moisture
content of the air stream.
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Figure 4.22: Simulink system of desiccant wheel

The moisture content of the outlet air from the desiccant wheel is presented in Fig. 4.23.
The outlet moisture content from the desiccant wheel will be affected by the inlet moisture
of the air, so if a lower moisture content were needed, a more thorough pre-drying process
would be required. This will increase the power demand of the overall system.

Figure 4.23: Moisture content of outlet air from desiccant wheel

During the moisture adsorption process by the molecular sieve in the desiccant wheel,
adsorption heat is released in an exothermic reaction. The amount is calculated using
eq. (4.1) and converted to ◦C before adding it to the inlet temperature. The same process
is reversed to an endothermic reaction during the desorption process, where the mois-
ture is released from the molecular sieve. This process is drawing the same temperature
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from the regeneration air stream later in the process as is supplied to the process air.
Fig. 4.24 shows the graph of the adsorption heat, given in ◦C, correlates to the amount
of moisture adsorbed by the molecular sieve. The adsorption heat averages 5.16 ◦C, with
the same seasonal changes as the moisture content in the system.

Figure 4.24: Heat from adsorbing moisture with the desiccant wheel

4.3.6 Heat Exchanger

Helical coiled heat exchangers, a compressed shell and tube heat exchanger are com-
monly used for heat, ventilation and air conditioning (HVAC) applications due to the high
heat transfer rate and compact size. The addition of centrifugal forces created by the
helical structure generates a secondary flow. This flow is normal to the original flow and
causes increased friction and heat transfer rate [56]. Therefore, this is the heat exchanger
type selected for this project. The two airflows are never in direct contact to avoid cross-
contamination of impurities, and only thermal energy is transferred between them.
The cost, both investment and O&M, for a heat exchanger largely depends on the size
given as heat transfer area. Eq. (4.3) [57] is used to calculate the overall cost of the heat
exchanger through the expected lifetime. The study used to develop this equation looked
at heat exchangers with a given heat transfer range 0.5 m2 < Shts < 47 m2.

Chts = 55 Shts + ( 78Shts) a (4.3)

Where:
Shts = Heat transfer area, m2

Chts = Investment and operation cost heat exchanger through expected lifetime, €
a = Lifetime heat exchanger, years
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The objective of the heat exchanger is to recycle the heat in the system for further use.
The regeneration airflow used for the desorption process of the desiccant wheel, Td, is
lead into the heat exchanger where it heats the incoming purge airflow, Tin. On the way
out of the desiccant wheel, the air transports the moisture content and other contami-
nants/impurities from the wheel and releases it with the discharged airflow waste heat,
Tw. Fig. 4.26 shows the inside of the heat exchanger subsystem, containing two new
subsystems for heat transfer rate and heat energy balance. Each airflow is the same size
as the purge airflow and operates in a continuous cycle. Fig. 4.25 shows the schematics
of the heat exchanger used and the directions of each of these airflows.

Figure 4.25: Heat exchanger schematics

Tin = Inlet temperature from purge section, to heat exchanger
Tout = Outlet temperature from heat exchanger, to regeneration heater
Td = Inlet temperature from desiccant wheel containing contaminates
Tw = Outlet waste heat temperature
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Figure 4.26: Heat exchanger subsystems

Figs. 4.27 and 4.28 show the inside of the subsystems temperature change and heat
transfer rate, following eq. (2.8) to calculate the outlet temperature from the heat ex-
changer. The heat transfer rate depends on the temperature difference between the hot
air and the actual output air temperature from the heat exchanger and the UA-value.
The overall heat transfer coefficient is set to the middle of the spectre for forced convec-
tion heat exchanger gasses at 20 W/m2K, which can be in the range of 10-30 W/m2K
according to [32].

Figure 4.27: Heat transfer rate calculations
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Eq. (4.4), a modified version of eq. (2.8), shows how the heat energy balance has been
calculated [58]. The energy balance calculations show the temperature change of Tout

with respect to the simulation time.

ṁ Cp
dTout

dt
= ṁ Cp (Tin − Tout) + Q = ṁ Cp (Tin − Tout) + UA (Td − Tout) (4.4)

Figure 4.28: Heat energy balance calculations

4.3.7 Temperature controlling units

The three remaining temperature controlling units, cooler, regeneration heater and heater/cooler,
operate similarly to the pre-cooler. The actual Simulink blocks are not displayed, but the
differences are described below.

Cooler
The cooler reduces the temperature of the inlet air stream to 10◦C due to the simula-
tion results displayed in Table 4.3.2. It operates similarly to the pre-cooler explained in
Section 4.3.3. The cooler uses 100% of the airflow, given that it is placed between the
air blender and the desiccant wheel, where the airflow splits into purge and process air
streams.

Regeneration heater
The purged airflow that exits the heat exchanger enters the regeneration heater. The ob-
jective of the regeneration heater is to re-heat the purged airflow to be used for the des-
orption process of clearing the desiccant wheel before the next revolution. The airstream
will lose some heat from this process, proportional to the adsorption heat before it en-
ters the heat exchanger again. This time it contains moisture and other contaminants
that will be released as waste heat on the other side of the heat exchanger. Without the
distinct difference that the heater heats the airflow, it functions in the same way as the
cooler. The desired temperature is 146◦C, using the purge rate airflow.
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Heater/cooler
Following the desiccant wheel, another heater/cooler is used to control the airflow before
it enters the dry room. The outlet temperature from the dry room should be between
22 and 25◦C. This is achieved by setting a temperature range of the dry room inlet air
between 12 and 14◦C. There is another constant heat load inside the dry room, which
will be explained more in the following subsection. By factoring in this and the changing
mass flow, the temperature range set will maintain the desired temperature of the air
inside the dry room. For the conditions in this simulation, the temperature controller
will only need to operate as a cooler. However, if the inlet conditions of this unit were to
drop below 12◦C, the heater would begin operating on the air flow.

4.3.8 Dry Room

The dry room subsystems are divided into two main parts; Fig. 4.29 shows the temper-
ature calculations and Fig. 4.30 the moisture control and mass flow calculations. The
constant values used in the dry room simulation, heat and moisture loads, are from the
literature review and scaled up to six times their original value, proportional to this fac-
tory size.

The air temperature inside the dry room is not actively heated but will experience a tem-
perature rise due to heat from equipment and personnel. For a dry room of this size, the
heat load is expected to be equivalent to 1,500 kW working on the air. Following eq. (2.8)
the outlet temperature of the dry room air is calculated and displayed in Fig. 4.29.

Figure 4.29: Dry room temperature calculations
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Fig. 4.30 shows the dry room moisture control and air mass flow calculations. Three
main moisture loads contribute to the air inside the dry room; personnel, the batteries’
negative electrode, and the dry input air from the desiccant wheel. These are used as the
input values used to determine the outlet moisture content and required air mass flow
rate.

Figure 4.30: Dry room moisture loads and air mass flow calculations

The moisture load from personnel and negative electrodes are estimated to be 4.86 g/s
and 2.52 g/s. These values are averages, as the dry room is assumed to operate at a
constant capacity. The final moisture load is from the dried air from the desiccant wheel.
Even if the moisture content in this air is low, it will add to the existing moisture in the
dry room environment, especially when the air mass flow is large. Due to airlocks sur-
rounding the air and vapour proof perimeter, moisture from transmission through walls
and door openings are neglected in this thesis. The gains used in the Simulink models
are used for converting between different units, as described in the given figures.

Following eq. (4.2), the mass flow rate of the air through the dry room is calculated. As
it depends on the moisture load supplied in the room and the actual moisture content in
the air, this flow rate will change to reduce the required power demand whilst maintain-
ing sufficient air quality. The determining variable is the limit for moisture content in the
dry room, set to be 0.44 gr/lb. This is regulated using the moisture controller subsys-
tem, displayed in Fig. 4.31 where a PID controller is used to keep this value constant.
Variation in temperature and moisture inside the dry room will cause reduced quality of
the battery cells and should therefore be avoided.
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Figure 4.31: Dry room moisture controller

4.4 Sizing of Heat Exchanger

Multiple simulations with different UA-values has been conducted to determine the opti-
mal composition of heat exchanger size. Changing the size of the heat exchanger will also
impact the waste heat temperature, as it depends on the heat transfer area of the heat
exchanger. With the overall heat transfer coefficient assumed to be constant 20 W/m2K
for forced convection heat exchanger gasses, the only changeable parameter is the heat
transfer area.

The prices in the results are given in NOK with a conversion rate where 1 € = 10 NOK [59].
Power-intensive industry usually uses get their electricity through fixed-price contracts,
assuring a more stable cost. The average prices for these types of Norwegian industries
in 2020 paid, excluding fees and grid rent, 0.284 NOK/kWh [60].

Eq. (4.3) is used to calculate the investment and O&M cost of the heat exchangers
through its expected lifetime. According to the study that created the price formula,
the lifetime for heat exchangers such as this is set to be 10 years [57]. Some uncertain-
ties are using this formula, as it has been created using many different types of heat
exchangers for various conditions. One of the largest operating cost is cleaning, where
the paper states that cleaning due to contamination is done up to three times each year.
There are few chemical contaminants for the dry room application compared with other
applications. Therefore, it is assumed only to clean the heat exchanger once each year,
reducing this cost to a third. This gives the updated formula (4.5).

C = 55 Shts +
(

78 Shts
1
3

)
a (4.5)

Where:
C = Total cost heat exchanger, €
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The overall cost covers the total cost of the heat exchanger and the cost of the power
demand for the regeneration heater. The results of the simulation, in terms of waste heat
temperature, required power from regeneration heater, and the overall cost, are presented
in Table 6.1. These values are used to create Fig. 6.3, displaying the comparison between
waste heat temperature and cost for regeneration power. The overall cost of this part of
the system is used to determine the optimal size of the heat exchanger. This is an isolated
part of the overall system given that the regeneration heater is required to supply 146◦C
regardless of the other conditions. With a larger UA-value, giving the heat exchanger a
larger heat transfer area, it can adsorb more heat and reduce the waste heat temperature
and power demand. However, with a larger heat exchanger there are more investment
and operation cost.

4.5 Sensitivity Analysis

Although the annual averages of temperatures and relative humidity are predictable, it is
important to determine how vulnerable the system is to changes to the input variables.
Creating different scenarios with changing parameters will expose potential weaknesses
and determine how different factors impacts the system. The different scenarios will be
compared with the original simulation, referred to as Baseline.

Scenario 1 has an average increase of input values of 5%, while Scenario 2 has a decrease
of 5% to determine the impact different ambient conditions will have on the system. The
input signals are displayed in Figs. 4.32 and 4.33.

Figure 4.32: Input temperatures for sensitivity analysis
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Figure 4.33: Input relative humidity for sensitivity analysis

To determine any impact of the system for inconsistencies in the average temperature
and relative humidity values, Scenario 3 has a random percentage in the range +/- 10%
of the Baseline. These input signals are displayed in Fig. 4.34. The values follow the
seasonal trend with the same annual average, but with a more significant deviation from
the mean value from each data point.

Figure 4.34: Random change in input temperature and relative humidity for make-up
air
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The purge rate of the airflow in the desiccant wheel will have a large impact on the air
management system in terms of power demand and waste heat temperature. Changing
the value used in the Baseline simulation from 8.17%, to 4% and 12%, will display the
impact of a reduced and increased purge rate for Scenario 4 and 5. Scenario 4 is expected
to have a reduced power demand, as less make-up air is required to maintain sufficient
airflow to keep the moisture content of the dry room at 0.44 gr/lb. However, this comes
with a trade-off in a reduced lifetime of the heat exchanger and increased maintenance.
Similarly, the increased purge rate is expected to elevate these values.
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Chapter 5

Further Use of Waste Heat

The Norwegian Minister of energy has made it mandatory for large scaled electricity pow-
ered industries that are under construction or upgrading, to analyze waste heat and its
potential to be for further used [61]. Currently, it will not be required to act on the analy-
sis, regardless if it is economically beneficial or not. However, to make this solution more
attractive for the industries, reducing energy taxes for those who incorporate waste heat
recovery is a potential solution. This will be an initiative for the green shift by reducing
the energy losses and possibly using this otherwise lost energy instead of other energy
sources. The cleanest energy is the one that does not needs to be produced.

5.1 Quality of Waste Heat

There are two main challenges for further use of waste heat: establishing demand and
utilizing the low temperatures. The quality of the waste heat is a term used to cover the
temperature, form and amount to determine the potential for further use. These factors
are examined to get a better understanding of the potential application in this case.

Temperature
The temperature of the waste heat will be within the range of 36.13-47.73◦C, depending
on the size of the heat exchanger. This temperature range is challenging to utilize for
other purposes than direct use for heating and drying, as displayed in Table 2.2. Ma-
ture technologies such as ORC and Kalina Cycles requires higher temperatures for heat
conversion to power production. As the name indicates, the waste heat is usually just re-
leased into the surroundings and lost. Establishing a local demand will be vital to make
this a viable use due to the poor energy potential with this temperature. Industries will
have a low willingness to pay for this energy, making it rarely utilized regardless of its
abundance in different sectors [30].

Form
Waste heat is most commonly in one of two forms; exhaust gasses or wastewater. Due
to the different properties of the two mediums shown in Table 2.3, water is the more
preferred of the two. With a higher specific heat capacity and density, water requires less
volume for the same energy amount compared with air. This makes it easier and cheaper
to transport to other locations with a more concentrated medium and lower transmis-
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sion losses in pipes/ducts. Low-grade exhaust gasses should have direct use without any
conversion between source and demand. Placing the demand outside the factory wall will
also be preferable, similarly to the reasons described in the temperature description.

Amount
The amount of waste heat available, assuming a constant purge rate of 8.17%, will de-
pend on the mass flow rate. The variations of the mass flow, and consequently the waste
heat flow, changes seasonally. Higher temperatures and humid air in the summer half
result in an increase in mass flow rate as it brings more moisture into the system through
the make-up air. In Fig.5.1 the relationship between the temperature and the mass flow
of the waste heat is displayed. The heat exchanger cannot extract the same amount of
heat with a high mass flow, leaving a higher temperature of waste heat. The combination
of higher temperature and more mass gives the airflow in the summer half of the year
the most potential energy.

Figure 5.1: Temperature and mass flow of waste heat

The availability of the waste heat coincides with the amount, as it is assumed a constant
operation of the dry room factory with 8760-hour operation each year. During the pro-
duction of lithium-ion batteries, it is expected that the drying process is the bottleneck
of the process. This could mean that there are some delays in the supply of battery cells
for the factory. If the given factory shuts down at night, the moisture load from personnel
would be removed, reducing the required mass flow through the room. This will result in
a more uneven flow of waste heat, changing during the day. However, in this thesis, the
operation in the dry room is assumed to be continuous and the values used are annual
averages.
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5.2 Potential Use Based on Quality

The objective is to achieve synergy by identifying another industry with a demand similar
to the available supply. The waste heat is a secondary product from the air management
system, so there will not be major altercations to change temperature or amount in im-
prove the waste heat recovery system, as this will negatively impact the overall system.
One of the largest challenges regarding waste heat recovery is the mismatch between
supply and demand. Potential industries for the use of waste heat of the types produced
by a dry room are listed below [30], based on the quality of the waste heat.

• Drying of wood chips

• Food production

• Heating

Of the three, drying of wood chips seems to have the largest potential for further use.
According to the energy supply of waste heat, there is a potential to adapt the sizing of
the drying process by using drying containers. The exhaust air can be used directly and
without transporting, keeping the production right outside the factory walls. The system
will not need any backup, as the drying of wood chips can be deemed a nonessential
process.

For food production, greenhouses or land-based fish farms are the types best suited for
waste heat [30]. However, both of them traditionally uses waste heat in liquid form as
wastewater. By using an air-water heat exchanger, it is possible to convert the medi-
ums. This requires more investment costs and transmission losses during the process,
making it less desirable than industries using the heat directly and without any trans-
mission. Especially as the energy content is very low, other solutions should be looked at.

For heating purposes, themost common temperatures of this range are defrosting/melting
or keeping storage units frost-free. This is possible to do directly with exhaust gasses as
a heat medium, but this application is highly seasonal. With the largest energy supply in
the summer half for the waste heat, this will be a mismatch between demand and supply.

5.3 Drying of Wood Chips

From the Norwegian project report "Frå kratt til kroner" [4] the relationship between el-
evated air temperatures in drying of biomass and drying time has been investigated. By
incorporating a solar collector into the cold air drying process, there was an apparent
reduction of drying time due to higher moisture reduction, as displayed in Fig. E.1. With
the availability of waste heat, it is possible to emulate the same optimal drying condi-
tions throughout the year, not only on hot summer days. By expanding the period for
the drying, the amount of dry biomass will increase. Reducing the moisture content of
wood chips from its raw form of 50% down to 20%, the calorific value increases from
504 to 697 kWh/m3. With a lower moisture content, the efficiency of the combustion
process increases from 62% to 77%, which is taken into account for the calorific values.
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There will be reduced emission due to a cleaner combustion, and the lifetime of the plant
increases. Removing more moisture than down to 20% is not purposeful as the biomass
would start to adsorb moisture from the ambient air.
The use of drying containers, as displayed in Fig. 5.2, makes it is possible to locate the
drying right outside the factory walls. This will reduce the investment cost and trans-
mission losses from large ducts transporting the waste heat.

Figure 5.2: Container drying of wood chips [62]

In the calculations from the project report, the temperature increase is based on what
is vaguely defined as a "normal summer day" as a reference point, without mentioning
any specific temperature. Therefore, the high average temperature of the three summer
months, June, July and August, from Fig. 4.2 is calculated to be 18.2◦C and used further.
Fig E.1 shows the relationship between temperature increase and drying rate. The drying
rate is the factor the drying time reduces, and correlates to the moisture removal rate
given with the unit of measurement, g/m3.
Combining the waste heat airflow with ambient air provides a larger mass flow, with a
constant temperature. Newton-Raphson’s method was used to solve the ratio, using an-
nual average values to calculate the mass flow.

Tw x + Ta ( 1 − x ) = T

42.64x + 7.78 ( 1 − x ) = 26.2 =⇒ x = 0.528

This makes the waste heat airflow 52.8% of the total airflow, and ambient air the remain-
ing 47.2%. This makes it possible to calculate the mass flow of the total airflow.
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Ṁ = ṁ + ṁ ∗ (1 − x)
x

= 13.53 kg/s + 13.53 kg/s ∗ 0.472
0.528 = 25.63 kg/s

Where:
T = Set temperature for drying, ◦C
Ta = Ambient temperature, ◦C
Tw = Waste heat temperature, ◦C
Ṁ = Mass flow air for drying, kg/s
ṁ = Mass flow waste heat, kg/s

With an expected air density of 1.225 kg/m3, the volumetric airflow is:

25.63 kg/s
1.225 kg/m3 = 20.92m3/s

Wood chips with a moisture content of 50%, based on pine, has to remove 330 kg/m3

water to reach 20% [4]. With a moisture removal of 2.9 g/m3, the moisture removal is:

2.9 g/m3 ∗ 20.92m3/s = 60.66 g/s

As 330 kg moisture corresponds to 1 m3 wood chips at 20% moisture content, the rate
of drying is:

60.66 g/s
330, 000 g/m3 = 1.84 ∗ 10−4m3/s = 0.662m3/h = 5, 797m3/year

With the increased calorific value, the annual increase in energy potential is:

5, 795m3/year (697 kWh/m3 − 504 kWh/m3 ) = 1, 118, 435 kWh/year

Using the same approach to calculate for different temperatures, based on moisture re-
moval rate from temperature increases of 2, 5, and 8◦C, with a corresponding drying rate
of 1.5, 2.2 and 2.9. The values are from Fig. E.1.
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Chapter 6

Results

This chapter contains the result of the simulation of the air management system, which
includes air quality, sizing of the heat exchanger, power demand for temperature control
and the sensitivity analysis for different scenarios. Finally, the best solution for further
use of the waste heat is presented, based on the quality and local demand at the factory
site.

6.1 Air Quality

The outlet moisture content and temperature of the dry room air are presented in Figs.
6.1 and 6.2. This moisture content of 0.44 gr/lb is equivalent to a dew point temperature
of -42◦C and is kept constant as the main priority of the air management system. Air
mass flow will be regulated to maintain a constant moisture content, and a heater/cooler
used to keep the temperature between 22 and 25◦C. With these two parameters within
their respective limits, the air quality of the dry room is at a sufficient level.

Figure 6.1: Moisture content of the outlet air from the dry room
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Figure 6.2: Temperature of the outlet air from the dry room

6.2 Sizing the Heat Exchanger

The size of the heat exchanger used in the regeneration heater loop depends on the over-
all cost. The overall cost is calculated by combining investment and O&M cost of the heat
exchanger, with the cost of power production from the regeneration heater. More of the
energy is recovered and reused with an increased heat transfer area, represented by the
UA-value, leading to a decreased waste heat temperature.

The power measurements are for the regeneration heater, which heats the airflow to
146◦C regardless of the waste heat temperature, using electricity as fuel. With a larger
heat transfer area, there are higher expenditures for the heat exchanger, but the power
demand from the regeneration heater decreases. Table 6.1 and Fig. 6.3 presents the
results for the sizing of the heat exchanger, with UA-values, waste heat temperatures
power demand and cost.
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Table 6.1: Simulation results for different heat transfer areas of the heat exchanger
UA-value [kW/K] Waste heat temperature [◦C] Power [kW] Cost [mill NOK]

0 139.41 1758.1 43.74
10 87.64 1054.3 27.63
20 66.62 767.2 21.77
30 55.04 610.3 19.27
40 47.73 511.4 18.21
50 42.64 442.4 17.77
60 38.97 392.6 17.94
70 36.13 354.1 18.26
80 33.92 324.2 18.92
90 32.13 299.9 19.72
100 30.60 279.2 20.48
125 27.86 242.1 23.01
150 25.94 216.1 25.81
175 24.49 196.5 28.64
200 23.41 181.8 31.72

Figure 6.3: Comparison between lifetime cost of heat exchanger and energy cost, with
resulting waste heat temperature

The optimal UA-value, which gives the lower overall cost, is 50 kW/K for the heat ex-
changer. The conversion between UA-values and heat transfer areas is presented in Table
C.1, where a UA-value of 50 translates to a heat transfer area of 2,500 m2. By using this
size, the corresponding waste heat temperature is 42.64◦C as an annual average. The
actual cost of the heat exchanger, investment and operation, may deviate from the results
presented as they are based on average prices.

With seasonal fluctuations, there are some variations in the waste heat temperature
during the year, and the changes can be viewed in Fig. 6.4.
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Figure 6.4: Annual fluctuation in waste heat temperature

The temperature will follow this trend, regardless of the heat exchanger size. The temper-
ature rise is due to the increased mass flow in the summer half, making the heat transfer
area of the heat exchanger less efficient. The UA-values of 50 will be used further in the
following simulations and referred to as the Baseline simulation.

6.3 Power Demand

The overall power demand for temperature control of the air for one year is displayed in
Fig. 6.5, where each 100-second interval represents one month, starting in January.

Figure 6.5: Power demand for temperature controlling air
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The power curve corresponds to the mass flow of the air stream, displayed in Fig. 6.6,
which again follows the seasonal trend. From April to October, the power demand is at
its highest due to the increased moisture capacity of the elevated ambient temperatures.
With more moisture in circulating the system, air mass flow is increased to keep the
moisture content of the room at 0.44 gr/lb and more energy is required for temperature
control and dehumidification. The average power demand during the year for the Base-
line simulation results is 4,560 kW

Figure 6.6: Mass flow air stream

6.4 Sensitivity Analysis

The sensitivity analysis are conducted using different parameters for input values, tem-
perature and relative humidity, and changing purge rates to examine the impact on the
system. Scenario 1 and Scenario 2 shows increased and decreased input temperature
and relative humidity, changing the annual averages of the Baseline with +/-5%. Sce-
nario 3 shows the results for random spikes in temperature and relative humidity within
a +/-10% range from the mean Baseline values. The annual averages are the same as
for Baseline for this Scenario 3, but with deviations from the mean values.

Scenario 4 and 5 shows the results of changing the purge rate from Baseline of 8.17%
to 4% and 12%, respectively. In these scenarios, the ambient conditions are at Baseline
values. These results of the sensitivity analysis are presented in Table 6.2.
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Table 6.2: Sensitivity analysis results
Power [kW] Waste heat temperature [◦C] Mass flow [kg/s]

Baseline 4,561 42.64 165.6
Scenario 1 4,667 43.24 168.6
Scenario 2 4,216 40.72 156.5
Scenario 3 4,105 40.09 153.1
Scenario 4 3,596 27.21 145.7
Scenario 5 6,044 57.47 200.3

Scenario 1 and 2 showed expected results, where the power demand, waste heat tem-
perature, and mass flow followed the rise and decrease of the input values. It should be
noted that the 5% decrease showed a larger impact in terms of percentage change from
Baseline than the 5% increase. Scenario 3 showed an even more favourable case than
the Baseline values. Even if the average values were the same, the power demand, waste
heat temperature and mass flow values got lower than the Baseline.

The changing of purge rates showed the impact it has on the system. As this value
is proportional to the make-up air amount, the power demand and mass flow largely
follow the purge rate, given that there will be more air that requires temperature control
and dehumidification. With a higher amount of air, the current heat transfer area of the
heat exchanger cannot efficiently adsorb the heat, and larger amounts of energy are lost
as waste heat. The reverse happens when the mass flow is reduced with a lower purge
rate. Sizing of the heat exchanger will therefor also depend on the purge rate used in the
desiccant wheel, not only ambient conditions and moisture loads.

6.5 Drying of Wood Chips

Drying container placed right outside the factory walls will dry wood chips from a mois-
ture content of 50% to 20%. Any drying below this point will be redundant, as the
biomass would start to adsorb moisture from the surroundings to stabilise at 20% mois-
ture content. Reduced moisture content ensures a better combustion process, as the
efficiency increases from 62% to 77%, and reduction in contaminants from a cleaner
combustion. The overall calorific value changes from 504 kWh/m3 to 697 kWh/m3 as a
result.

Combining the waste heat and ambient air to keep a constant temperature, makes it
possible to dry the wood chips throughout the year, and not only when in warm weather.
Table 6.3 shows the results of the amount of dried wood chips and the increased energy
content by reducing the moisture content from 50% to 20% on an annual basis for dif-
ferent temperatures.
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Table 6.3: Drying of wood chips from 50% to 20% at different temperatures
Temperatures [◦C] Amount [m3/year] Energy increase [kWh/year]

18.2 3,530 681,290
20.2 4,447 858,271
23.2 5,254 1,014,022
26.2 5,797 1,118,821

Using a higher temperature will significantly reduce the wood chips’ drying time due to
a higher moisture removal rate. A higher temperature will result in a lower air mass flow
as the ratio of waste heat and ambient air. With a constant temperature of 26.2◦C, it is
expected to dry 5,797m3 of wood chips, increasing the energy potential with 1,118,821
kWh. These calculations take into account the increased calorific value and expected
higher efficiency of the combustion process.
The drying process will be unevenly distributed during the year. Elevated ambient air
temperatures at the time of most energy available as waste heat causes the air flow in
the summer to be higher than in the winter. The results presented are therefore a yearly
production.

The desiccant wheel for the dehumidification process can use both thermal and electrical
energy for regeneration heating. With the expected calorific value of the wood chips with
20% moisture of 697 kWh, the annual energy is 4,040,509 kWh for the 5,797 m3 of
wood chips, or an average power production of 461.2 kW. Comparing this to the average
power demand of the regeneration heat at 442.4 kW, using wood chips for this heating
could cover the power demand. Selecting a combustion process using wood chips for the
regeneration heater instead of an electrical heater is possible, and would utilize the waste
heat available from the factory.
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Chapter 7

Discussion

7.1 Air Quality

Determining the definition of the air quality in the dry room is based on information from
various dry room producers for lithium-ion battery production. They have stated that the
two most important factors are temperature and moisture content. By keeping the tem-
perature of the exiting air between 22 and 25◦C and the moisture content stable at 0.44
gr/lb, the quality of the air is deemed sufficient for dry room conditions for lithium-ion
battery production. The used of dew point as a moisture content measurement is com-
mon for dry room applications, and 0.44 gr/lb translates to either -42◦C or 100 PPMV.

If these values are surpassed it would negatively affect the battery cells. Moisture within
the sealed cells could potentially start chemical reactions with the battery material. This
would diminish the quality, lifetime and performance of the cell, and in worst case cause
a short circuit leading to a fire or explosion.

7.2 Sizing the Heat Exchanger

The temperature of the waste heat will depend on the sizing of the heat exchanger. A
larger heat transfer area will be able to extract more of the energy before releasing it as
waste heat and consequently reduce the power demand from the regeneration heater.
However, a larger heat exchanger came with more costs for investment and use. The de-
termination of the optimal solution for this thesis is based on the overall prices from the
regeneration heater system, which includes all costs involved with the heat exchanger
and the power cost for the heater. Incorporating a heat exchanger will definitely reduce
the overall cost and efficiency of the system, but the size will depend on the actual prices
for the given factory. As these prices are approximations, the actual result for the given
factory may deviate some from these result.

The results of the simulation in this thesis shows that a UA-values of 50 kW/K gives the
lowest cost. However, in the range 40-70 kW/K there are small changes in the overall
cost, but the temperature of the waste heat changes from 36.13◦C to 47.73◦C. The size of
the heat exchanger may also be relevant for the factory, as the heat transfer area is 2,000
m2 for a UA-value of 40, and 3,500 m2 a UA-value of 70. This relationship is displayed
in in Table C.1. The given factory may have site specific differences, making it more pre-
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disposed for one or the other ends of the spectre depending on the most desirable waste
heat temperature, area of heat exchanger and actual prices.

7.3 Power Demand

The power demand calculated for the dry room covers the temperature control of the
air management system. Other contributing sources, such as other equipment and fans,
have not been taken into consideration in this thesis. During the year, the power demand
will experience seasonal fluctuations. Due to elevated temperatures with higher moisture
content from April to October, the system will have to operate at a higher capacity. More
moisture in the make-up air requires a higher air mass flow, leading to more air that
needs temperature control and dehumidification. The waste heat temperature will also
follow this seasonal fluctuation, as the increased mass flow makes the heat exchanger
unable to adsorb the heat at the same rate.

7.4 Sensitivity Analysis

By running a sensitivity analysis for potentially changing parameters, the durability and
weaknesses of the system are exposed. Ambient conditions are constantly changing,
although they keep a rather even annual average. Increasing and decreasing the tem-
perature and relative humidity by 5% from Baseline, the results were as expected. The
power demand, waste heat temperature and mass flow followed this change. However,
the results changed unexpectedly by simulating with random peaks of +/-10%. With the
same input average as the Baseline, the power demand changed favourably with a 10%
decrease. This proves that the system is not only sufficient during varying conditions,
but actually improves.

The final changed parameter is the purge rate for the desiccant wheel. Initially, this was
set to be 8.17% and changed to 4% and 12% in the sensitivity analysis. As expected,
the values followed accordingly as the make-up air is proportional to the purge rate. The
trade-off to lower power demand and waste heat is the build-up of unwanted contami-
nates and a reduced lifetime of the heat exchanger. More moisture will also accumulate
in the molecular sieve, resulting in a higher regeneration temperature for the desorption
process. This will cause more stress to the desiccant, and potentially a reduced lifetime
for it as-well. To what extent the rate of contaminant build-up compared to the purge
rate is unknown.

The decision to set the Baseline value at 8.17% was based on the expected contamina-
tion level of a desiccant wheel using high regeneration temperatures (140-170◦C). More
research for the specific wheel used in this factory may change the purge rate/section
size. This will further have a large impact on the overall power demand, as the sensitivity
analysis has presented.
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7.5 Drying of Wood Chips

The use of waste heat for drying wood chips is one of the multiple different applications
considered and is meant to be a suggestion for potential use. Given the low temperature
of the waste heat, it is hard to find a good use for it and is the main reason most of this
type of energy is currently lost to the surroundings. The drying of wood chips usually
uses a similar technique with cold air drying, using fans and the ambient air. Combining
the ambient air with the waste heat and using containers for the drying process makes
it possible to use the waste heat directly without any transportation. Wood chips can be
used as fuel for the regeneration heater, creating a local demand for this solution. There
are uncertainties associated with selecting this solution, as it is very dependant on the
local interest and demand.

The use of wood chips for the regeneration heater looks to be the solution with the most
potential. Altering between the electrical heating and the thermal combustion process
could also be possible, taking advantage of fluctuating electricity prices.
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Chapter 8

Conclusion

• Themain priority in the air management system is to keep the air quality at dry room
conditions. This is defined with a moisture content at 0.44 gr/lb and a temperature
of 22-25◦C. This was achieved by using a combined dehumidification system with
a desiccant wheel using molecular sieve and mechanical dehumidifying coolers.

• The power demand is minimised by testing different temperatures for the tempera-
ture controlling units in the air management system, averaging 4,560 kW.

• Incorporating a heat exchanger in the regeneration loop for the purge airflow will
reduce the overall cost and improve the efficiency of the system. By reusing the
thermal energy in the waste heat, less power is required by the regeneration heater
to reach the temperature of 146◦C for desorption of moisture from the desiccant
wheel. The optimal UA-value for the heat exchanger is 50 kW/K, but sizes in the
40-70 kW/K range will still have a competitive price, and the site specifications will
be determining for the sizing.

• The waste heat temperature of the exhaust air will be 42.6◦C as an annual average,
with seasonal changes giving max and min values of 39.8 and 43.7◦C. The air mass
flow is on average 165.4 kg/s with minimal and maximal values of 153.8 and 175.9
kg/s. Again, it follows the seasonal pattern discovered where the highest values are
in the summer, where higher temperatures of the make-up air contains a higher
moisture content.

• By using different purge rates for the desiccant wheel, the power demand changed
as the purge rate is proportional to the make-up air. Purge rates of 4% and 12%
have been tested, where a higher purge rate increases the power demand and the
lower reduced it compared to the Baseline purge rate of 8.17%. There is a trade-off
with a lower purge rate, as it results in a reduced lifetime and more maintenance of
the heat exchanger.

• Drying of biomass has been investigated as a possible use for the waste heat pro-
duced from the dry room. Increasing the temperature of the drying process from
18.2 to 26.2◦C reduced the time required to dry wood chips. It is expected to dry
5,797 m3/year of wood chips from 50% moisture content to 20% by using the waste
heat for drying of wood chips from the dry room in combination with ambient air.
As the drying containers investment and operation costs are currently unknown, it
is still not confirmed if it will be profitable to invest in a system like this.
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8.1 Further Work

Recovery and distribution of waste heat requires a small-scale setup. For factories, there
are often multiple waste heat sources. By centralizing different heat streams into one,
it is possible to decrease investment costs and transmission losses. In battery factories,
another waste heat source is from the drying of the electrode materials, where moisture
and solvents are evaporated. It would be interesting to look at the waste heat potential
in this part of the production process and combine the different sources. Especially
promising is the NMP solvent recovery. At this stage, it is assumed to be large amounts
of waste heat, and by combining these sources, the quality of the waste heat would in-
crease, making it more desirable to use.

Looking at other possible uses of waste heat than drying of biomass. Other possibilities
were ruled out in this thesis, depending on the available industries, and their willingness
to invest in other areas could make them more viable.
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Appendix A

Simulink Model

The actual Simulink system is displayed in Fig. A.1.

Figure A.1: Simulink system of air management system of the dry room
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Appendix B

Moisture Conversion Table

Table B.1: Moisture conversion table [63]
Dew Point [◦C] PPMV Relative Humidity [%] at 21.1 ◦C
-90 0.0921 0.00037
-86 0.184 0.00075
-82 0.382 0.00155
-78 0.737 0.00300
-74 1.38 0.00559
-70 2.55 0.0104
-66 4.59 0.0187
-62 8.08 0.0328
-58 13.9 0.0565
-54 23.4 0.0948
-50 38.8 0.157
-46 63.3 0.257
-44 80 0.325
-42 101 0.410
-40 127 0.516
-38 159 0.644
-36 198 0.804
-34 246 1.00
-32 305 1.24
-30 376 1.52
-28 462 1.88
-26 566 2.30
-24 692 2.81
-22 842 3.41
-20 1020 4.13
-18 1240 5.00
-14 1790 7.25
-10 2570 10.4
-6 3640 14.7
-2 5100 20.7
2 6970 28.2
4 8030 32.5
8 10590 42.9
12 13840 56.1
16 17930 72.6
20 23080 93.5
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Appendix C

UA-values and Heat Transfer Area

Table C.1: Relationship between UA-value and heat transfer area
UA-value [kW/K] Heat transfer area [m2]
0 0
10 500
20 1,000
30 1,500
40 2,000
50 2,500
60 3,000
70 3,500
80 4,000
90 4,500
100 5,000
125 6,250
150 7,500
175 8,750
200 10,000
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Appendix D

Conversion Parameters from Matlab
Script

Parameter Value Description Unit

c 1.0054 Specific heat capacity air [kJ/kg K]
rho_g 1.225 Density air [kg/m3]

Purge_rate 0.0817 Purge rate airflow [%]
Reuse_rate 0.9183 Reuse rate airflow [%]

g_gr 0.0648 Grams per grain moisture [-]
gr_g 1.5432 Grains moisture per gram [-]
kg_lb 0.4536 Kg per lb [-]
lb_kg 2.2046 Lb per kg [-]

q_st 4186 Adsorption heat moisture using molecular sieve [kJ/kg]
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Appendix E

Drying Time for Wood Chips

Figure E.1: Drying time reduction depending on temperature increase in air [4]
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