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Abstract

Industry is one of the largest energy consuming sectors creating a great environment for
energy efficiency improvements. Thermal energy storage might be one of the attractive
technologies for energy efficiency improvements in heat production because it is flexible
in heat load balancing.

This study analysed the improvement potential of the energy efficiency at a paper mill
located in the Northern Europe. The mill mainly uses mechanical pulping for
papermaking. Process heat is produced in a power plant combusting biomass and natural
gas as a main fuels.

The first aim of this study is to identify potential improvements and limitations when
natural gas usage is decreased at the mill by replacing it with biomass and steam load
fluctuations are balanced using a heat storage for steam (Case 1). The second main goal
of this study is to determine potential improvements and limitations if excess heat
produced in the summer is stored in a long term heat storage (Case 2). In both cases, heat
storage options are compared to an option that uses drying of biomass instead of the heat
storage. Cases are assessed by evaluating technical feasibility and economic savings of the
options.

Evaluations of the heat storage and drying options are based on simulation models using
data that was recorded at the mill. Case 1 is simulated in three scenarios: Scenario A (20%
decrease in natural gas usage), Scenario B (40% decrease in natural gas usage) and
Scenario C (60% decrease in natural gas usage).

This study concluded that steam accumulators offer more feasible option for balancing
the heat load than belt dryers in Case 1. Furthermore, scenario B (40% decrease in natural
gas usage) seems to be the most feasible scenario for steam accumulator in Case 1. In Case
2, the belt dryer option provides better operational characteristics for utilizing excess hot
water than the hot water tank storage option with annual savings of 0.158M€.

Keywords Thermal energy storage, drying, phase change material, mechanical pulp
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Tiivistelma

Teollisuus on yksi suurimmista energiaa kuluttavista sektoreista, mika luo hyvat
mahdollisuudet energiatehokkuuden parantamiselle. Hyodyntamalld lampovarastoja
voidaan mahdollisesti parantaa energiatehokkuutta limmontuotannossa, koska
lampovarastot ovat joustavia lammontuotannon ja -kulutuksen tasaamisessa.

Tyossa analysoitiin energiatehokkuuden parantamispotentiaalia Pohjois-
Eurooppalaisessa paperitehtaassa, joka kiyttdd mekaanista massaa paperin
valmistukseen. Prosessihoyry tuotetaan voimalaitoksessa polttamalla biomassaa ja
maakaasua paapolttoaineina.

Tyon ensimmadisend paitavoitteena on maarittad potentiaaliset hyodyt ja rajoitteet, kun
maakaasun kaytt6a vahennetdin lisidamalld biomassan osuutta hoyryntuotannossa ja
lampovarastolla tasataan hoyrykuorman vaihtelut (Case 1). Toisena tavoitteena on
arvioida potentiaaliset hyodyt ja rajoitteet, jos kesdisin tuotettu hukkalampo
varastoitaisiin lampdovarastoon (Case 2). Molemmissa tapauksissa lampovaraston kayttoa
verrataan tilanteeseen, jossa biomassan kuivausta hyodynnetdan lampovaraston sijasta.
Tapauksia arvioidaan teknisen toteutettavuuden ja taloudellisten sddstojen perusteella.

lampovarasto- ja  kuivausvaihtoehtojen arviointi perustuu tyossd tehtyihin
simulointimalleihin, joissa kaytettiin paperitehtaalla mitattua dataa. Hoyrykuorman
tasausta (Case 1) tarkasteltiin kolmessa eri tilanteessa, joissa maakaasun kayttoa
vahennettiin 20% (Scenario A), 40% (Scenario B) ja 60% (Scenario C).

Tulosten perusteella hoyryakku on toteutettavuudeltaan ja taloudellisilta saastoiltdan
parempi vaihtoehto hoyrykuorman tasauksessa (Case 1) kuin kuljetintyyppinen kuivuri.
Lisdksi, 40 % vahennys maakaasun kiytossa (Scenario B) néyttiisi olevan paras tapaus
hoyryakun kaytolle. Kuljetintyyppinen kuivuri on toteutettavuudeltaan parempi
vaihtoehto kuin lampoakku hukkalammon hyodyntamiseen (Case 2). Silla saavutettiin
0.158 M€ vuosittaiset saastot.

Avainsanat Laimmon varastointi, kuivaus, faasimuutosmateriaali, mekaaninen massa
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Nomenclature

Symbols

A area [m’]

C cost of the generated heat [€/MWh]
Eden  energy density [kWh/m?]

Ew  specific storage capacity [kWh/m?]
H lower heating value (LHV) [MJ/kg]
L latent heat [kJ/kg]

0 heat loss [W]

S economic savings [€]

T temperature [°C]

X height [m]

c cost [€]

Cp specific heat capacity [MJ/kgK]

er emission factor [kgcoo/MWh]

h enthalpy [MJ/kg]

moisture content (dry basis) [kgn2o/kgdb.]

~.

overall heat transfer coefficient [W/m?K]
mass [kg]

mass flow rate [kg/s]

pressure [bar]

thickness [m]

time [s]

“w s 3 3 =

~

v velocity [m/s]
w moisture content (wet basis) [%]

X absolute humidity [kgm2o/kgd.a ]

Greek

€ energy efficiency

Aq decrease in fuel input [MWh]
A thermal conductivity [W/mK]
® effective heat content [MWh]
nb boiler efficiency

p density [kg/m?]

111



Subscripts

a

in

out

air
heat transfer fluid
inlet

outlet

steam

water

Abbreviations

CHP
DH
LHV
PCM
REF

combined heat and power
district heat

lower heating value
phase change material

recovered fuel
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1 Introduction

1.1 Background

According to the New Policies Scenario in World Energy Outlook 2015, CO, emission
reductions are mainly achieved by improving energy efficiency and increasing the share of
renewable energy sources. Compared to the business-as-usual situation, they account for
approximately 48% and 24% of the all accumulated emission savings in 2040, respectively.
The New Policies Scenario is one of the IEAs greenhouse gas mitigation scenarios. It
considers policy commitments that were announced by mid-2015 including the ones of
which the measures of implementation have not been identified or announced.(1).

Industry is one of the largest energy consuming sectors along with building and
transportation sectors, and has a share of around 30% of total final energy consumption
globally. Consequently, improvements in industrial energy efficiency can have great impact
on emission reductions. For example, industry contributes 21% of the CO> emission
reductions made by improving energy efficiency in 2040 according to the New Policies
Scenario (1).

In Finland, heat used in the industry is mainly produced in combined heat and power (CHP)
plants, but stand alone plants are also used in heat production. Figure 1 shows the fuel
consumption in heat and power production in Finland in 2015. Renewable fuel share consists
mainly of biofuels used in forest industry (such as black liquor, bark and forest residual), but
woody biomass is also used in municipal CHP production. Fossil fuels such as oil and natural
gas are widely used in industrial and municipal energy production as a peak load fuel to
answer fluctuating demand.

Other energy sources
Peat 3%
11 %

AN

Coal
12%

Black liquor
Other fossil fuels 28 %

3%

Natural gas
12 %

Other woody biomass

Other renewables 24%
3%

Figure 1 Fuel consumption in heat and power production in Finland in 2015 (2)

Qil
4%

Biomass offers a carbon-neutral alternative compared to fossil fuels, because it binds CO»
when it grows. In addition, there is plenty of biomass available in Finnish forests: According
to the Natural Resources Institute Finland (LUKE), 68 million cubic meters of wood was
harvested from Finnish forests in 2015. LUKE estimates that currently, the number can be
sustainably increased to 81 million cubic meters for industrial and energy production

purposes (3).



One of the key challenges in increasing the share of biomass in CHP production is that
boilers firing biomass generally have poorer control capabilities than natural gas or oil
boilers (4). Consequently, natural gas and oil are regularly combusted in order to secure
sufficient steam supply for sudden and large fluctuations in heat demand.

In order to replace fossil fuel with biomass, an alternative way of balancing the heat load has
to be used. Thermal energy storages are rarely used in industrial and municipal energy
systems, but lately they have drawn more interest due to increasing need for CO> emission
reductions (5). Due to flexible usage in heat load balancing, thermal energy storage might
be an attractive technology for energy efficiency improvements.

Similarly, drying of the fuel can be considered to be a form of energy storage, and used for
heat load balancing. Drying of biomass can be used to improve firing of the biomass in
power plants. Especially, the use of low temperature secondary heat for drying can be an
attractive option, because steam production can be increased without increasing the fuel
input into the boiler.

1.2 Aim and outline of the study

This study analyses the improvement potential of the energy efficiency at a paper mill
located in the Northern Europe. The mill mainly uses mechanical pulping for paper making.
Most of the pulp is produced at the mill site. Process heat is currently generated at a power
plant facility using biomass and natural gas as a main fuel. Biomass is combusted in a
fluidized bed boiler with a constant fuel input, and natural gas boilers accommodate
fluctuations in the heat load by changing the fuel input of natural gas.

The first aim of this study is to identify potential improvements and limitations when natural
gas usage is decreased at the mill by replacing it with biomass and steam load fluctuations
are balanced using a heat storage for steam (Case 1). In this connection, an option using
drying of the biomass is used to balance the steam load and compared to the heat storage
option.

At the mill, hot water is generated by a heat recovery system of a flue gas scrubber. The
recovered hot water is completely used in the district heating (DH) in the winter, but part of
it is not utilized in the summer (i.e. excess hot water is available in the summer). The second
main goal of this study is to determine potential improvements and limitations if the excess
heat is stored in a long term heat storage (Case 2). In this context, the heat storage option is
compared to an option in which excess heat is used to dry biomass instead of being stored in
the heat storage.

Case 1 increases the fuel input of biomass and uses a steam accumulator for balancing
fluctuations of the steam load at the mill. Biomass drying option is carried out using a belt
dryer. The case is divided in three scenarios by the amount of natural gas fuel decrease as
follows:

e Scenario A: 20% decrease of natural gas use

e Scenario B: 40% decrease

e Scenario C: 60% decrease
Each scenario is assessed by evaluating technical feasibility and economic savings of the
scenario. Methods and results for Case 1 are described in Chapter 4.



Case 2 uses a hot water tank heat storage for decreasing fuel consumption by storing the
excess hot water for later use. In biomass drying, drying is carried out using again the belt
dryer. Case 2 is assessed in the same way as scenarios in Case 1. Methods and results for
Case 2 are presented in Chapter 5.

In contrast to conventional balancing methods, Chapter 6 evaluates improvements and
limitations of utilization of a phase change material (PCM) energy storage in Case 1 and
Case 2. The evaluation focuses on phase-transition temperature, energy density and heat
transfer properties of the storage material for displaying the most important characteristics
of a PCM energy storage.

Chapter 2 reviews the heat load balancing methods for power plants and Chapter 3 explains
operational principle and characteristics of the chosen balancing methods. Chapter 7 presents
the conclusions of this study.



2 Heat load balancing

The main goal of heat load balancing is to ensure that heat generation equals to the heat
consumption so that boiler thermal power can be kept constant. In this chapter, background
of the heat load balancing is explained by describing heat load behavior and benefits of
balancing it followed by descriptions of heat load balancing methods.

2.1 Heat load behavior and balancing methods

Industrial steam demand never stays perfectly constant. Whether the steam is used in
processes or for power generation great fluctuations in short and long term are usually
observed. (6) Moment to moment deviations in demand occur when several processes are
run simultaneously. Factors such as process reliability, number of heat consumers and
periodicity of the consumption affect the cumulative demand at a specific moment.
Moreover, individual processes have different kind of steam consumption behavior. They
can be roughly divided in two groups: continuous processes use steam mostly at constant
level, and batch-type processes consume steam in cycles (6).

Long-term fluctuations are mostly caused by seasonal changes. They become evident when
steam is used for space heating, especially if outdoor temperature fluctuates greatly. In DH
production, temperature and weather in general have significant impact on the demand. In
addition, some seasonality can be observed in the industry connected to agriculture, where
harvest might determine the production of the good (6). Long-term changes in the steam
demand are not always seasonal type. Sometimes production of the good is changed in the
industry, for example softwood pulp is changed to hardwood pulp, which usually has long
term effects on the steam demand. Time of the change is predetermined, which helps to plan
the operation of the factory.

Precise knowledge of the fluctuation in steam consumption is important for planning and
economic operation of the factory. Steam consumption predictability of a specific process
or a factory can be categorized in three ways: constant demand, predictable variations and
unpredictable variations. Constant steam demand in industrial processes is rare, because it
would require long-term, continuous and steady steam consumption to realize. Some of the
processes might be stopped and started according to predefined cycle, which can be
predicted. Cycles can be short, from minutes to hours, depending on process or some regular
variations can be longer, for example working two shifts in a day and closing for a night
shift. Factories and integrates including several individual processes usually have steam
consumption characteristics that are impossible to predetermine.(7). Unpredictable steam
demand can be troublesome in the industry, because actions to adjust steam production
cannot be prepared in time. In industry, reliable steam supply is extremely important and
generation has to always meet the consumption. Otherwise, the production of the good will
be disturbed and economical losses occur.

Commonly stated benefits of balancing the load can be listed as follows (8):
e Boiler’s need for quick responses reduce, hence more cheaper solid fuel can be
combusted instead of more expensive oil or natural gas.
e Stresses decrease in boiler and turbine, which decrease maintenance and increase
life-time.



e Efficiency of the power plant (and CHP plant) improves due to decreased fluctuation
of boiler output.

e Consumption management and heat storages can act faster than boiler, which reduces
pressure fluctuations in steam network resulting in better steam quality.

e The average boiler output can be increased, which decreases the usage of auxiliary
boiler. For the same reason, if production of the good increases, steam generation
can be secured for longer time. Or similarly, design capacity of the boiler can be
smaller.

e Production limitations of the good during the peak steam demand can be avoided.

e Operational costs reduce, because less expensive fuel such as oil and gas are needed.

e Environmental regulations are easier to meet, because less natural gas or oil is
combusted.

Pressure control system in industrial power plants takes care that the steam generation
matches the consumption. In principal, three ways of balancing the heat load can be
separated (4):

1. Adjusting generation to meet the heat load (generation management)

2. Controlling the consumption of the steam to increase or decrease the heat load

(consumption management)

3. Utilizing heat storages
In practice, balance between generation and consumption is achieved using a combination
of methods mentioned above. When choosing the methods for balancing, attention should
be paid to each unit’s ability to adjust to changes and operating costs required for
balancing.(4). In Sections 2.2-2.4 the balancing methods are introduced in more detail.

2.2 Boiler control

Steam generation is managed in a boiler. New boilers are considerably smaller than 30 years
ago in order improve fuel efficiency, material usage and cost-effectiveness. The inside tubes
of new boilers have been packed in smaller space in such a way that water content decreases
and heat transfer area increases in a boiler. This means that heat transfer between boiler tubes
and water enhances and boiler can react faster to changes in steam load, in other words
boiler’s response time improves. On the other hand, as the water content is reduced, the
energy stored in the boiler to cope with changes in steam demand reduces. In addition to
changes in physical qualities of the boiler, more sophisticated controls of the boiler are
introduced. They can improve response time and accuracy of meeting the changes in
demand.(9).

There is always a delay in control systems, no matter how accurate they are. Moreover,
control systems are usually designed so that the fuel input is not changed until a certain
deviation from the normal value has realized. This is to avoid constant fluctuation. Balancing
capability without firing adjustments corresponds to the water and steam mass that is held
in the boiler. If an increase of demand is small, the production of steam can be secured for a
moment, because the pressure drop in a boiler flashes small fraction of the water to steam.
On the other hand, when demand decreases and pressure in a boiler increases, part of the
steam condenses, which gives more time for firing adjustments. (6).

On the other hand, if firing conditions has to be changed, balancing capability of a steam
boiler lies in fuel and combustion technology. Biomass and recovered fuel (REF) are



increasingly used in heat and power generation. However, combusting solid bio matter and
REF instead of natural gas and oil, has decreased the ability of a boiler to follow quick heat
load changes.(4). Solid biofuels are inhomogeneous resulting in changes for example in their
particle size and moisture content. Inconsistent moisture content changes the lower heating
value (LHV) of the fuel. Therefore, the LHV of the combusted fuel fluctuates, which
complicates the control of the boiler. Conventional fuels such as oil and natural gas can
follow the load well, because firing is simple to control (4).

Table 1 lists the combustion methods and their respective maximum variable load response
rates along with boiler control ranges. Variable load response rate refers to the boiler’s
capability to follow heat load change. Figures are approximate. If boiler cannot follow the
load, oil or natural gas can be used in same or in separate boiler to enhance the balancing
capability. However, this increases the fuel costs as the usage of cheaper bio fuel decreases
and more expensive oil or gas grows.

Table 1 Variable load response rate and control range for several combustion methods. Variable load response rate refers
to the boiler’s capability to follow heat load changes (percent of capacity in a minute) (4)

Variable load Control range
Combustion method response:\ rate (%)
(%/min)
Oil and gas boiler 10 12-100
Pulverized combustion
- Pulverized coal 8 Depends on
- Dried peat 6 amount of
- Wet peat 4 burners
Travelling grate combustion
- Bark, wood residuals 2 40-100
- Chain-grate combustion
- Coal 3 40-100
Fluidized bed combustion 10 30-100

Steam needed for the processes in the forest industry is mostly generated in solid fuel steam
boilers and in recovery boilers. Recovery boiler is peculiar for pulp mills, in which it is part
of the chemical cycle and steam generation, while steam boiler is exclusively for generating
steam. In addition, steam can be generated with recovered heat from process, for example
thermomechanical pulping. However, heat recovery boiler and heat recovery systems are
usually tied to the production process, which means that they are not suitable for balancing
the overall load of the factory.(4).

2.3 Consumption management

Consumption management is defined in this study as increasing or decreasing heat
consumption of a secondary process (e.g. auxiliary condenser) in order to balance the heat
load and secure sufficient heat supply for primary process (e.g. paper machine in paper mill).

2.3.1 Back-pressure and condensing turbine

Generated steam usually has too high pressure for the processes, thus pressure is reduced by
turbine or reduction valve. In normal operation mode, steam expands through a turbine



producing electricity. Back-pressure turbine reduces the steam pressure to the level that can
be easily used in processes. Usually, steam flow into the turbine is determined by the low
pressure consumption, in which case electricity generation fluctuates and electricity grid
balances the power load. Alternatively, steam flow can be determined by the electricity
generation, in which case reduction valve balances the low pressure heat load.

When steam demand increases, part of the steam can be directed to reduction valve instead
of the turbine. It maintains the heat content during the expansion in the valve, thus energy,
which was previously used to produce electricity, can now be provided to low pressure steam
consumers.(4). Steam superheats during the expansion in the valve, but it can be cooled
down, for example by spraying water.

Sometimes back-pressure turbine has a condensing tail or separate condensing turbine is
installed. Figure 2 presents an example of back-pressure turbine that has a condensing tail
installed. Condensing tail reduces steam pressure to the same level as the condenser has,
consequently reducing the pressure so low that the steam cannot be used in the processes.
When steam demand decreases, steam can be led to the condensing tail (or condensing
turbine) balancing the supply and demand. More electricity is also generated, but the latent
heat cannot be utilized anymore. Additional steam can be provided by leading steam to the
condensing turbine during the constant demand and decrease that flow when the demand
peaks (4). However, condensing tail requires constant small flow of steam in order to avoid
overheating.

High pressure steam network

F{edumiuni %
valve
.,-o-"'f'f’
Back-pressure Condensing
turbine tail
@ Condenser

Low pressure steam netwark

Figure 2 Example of back-pressure turbine installation with a condensing tail. “G” refers to a generator

The turbine type and manufacturer affect the response time of a turbine. Mainly, tensions
caused by thermal expansion restrict the allowed load changes. Usually, decreasing load
changes in the turbine is worthwhile, in order to prevent wearing.(4).

2.3.2 Auxiliary condenser

Auxiliary condenser is used to balance the heat load in the same way as condensing turbine:
during a decrease in demand, steam is led to the condenser; and additional steam can be
provided by reducing the steam flow to the condenser.(4). It is a common device in power



plants and factories, especially if back-pressure turbine is not accommodated with
condensing turbine.

Auxiliary condenser is quite simple to operate in terms of load balancing. Response time
depends mainly on the rate of condensation, maximum steam flow and valve’s response
time.(4). Utilizing auxiliary condenser can be economical, if hot water is needed. Otherwise,
its usage should be minimized, because then the latent heat will not be utilized. In active
load balancing usage condenser requires continuous running of cooling water pumps or air
blowers, which decreases energy efficiency (10).

2.3.3 Blowdown

Blowdown is a simple method to balance the heat load when supply exceeds demand: surplus
steam is blown out of network into the environment. During blowdown, all the heat and
water in the steam are lost from the system, therefore blowdown is uneconomical and should
be used as a last resort to balance the load.

2.4 Heat accumulation

Operational principle of heat accumulation is the same as heat storage’s. However, in this
study, heat accumulation is defined as accumulating heat in a vessel, which is designed for
other primary usage. For example, make-up water tank is used as a buffer between water
station and feed water tank, but heat can also be accumulated inside of it. On the other hand,
heat storage is a unit, which is designed particularly to receive, store and discharge heat.

2.4.1 Feed water tank

Feed water tank 1s used to preheat returned condensate with steam and secure feed water
supply to the boiler (10). Figure 3 presents a typical setup for feed water tank. In the figure,
returning condensate is first led to a condensate tank, which operates as a buffer tank, before
entering the feed water tank. Make-up water is added to the returned condensate as the
condensate is led to the feed water tank, because part of the condensate cannot be returned
from the processes without an additional water treatment.

If disturbance in steam consumption occurs, excess steam can be accumulated by increasing
water level in the feed tank, as Figure 3a shows. In such a case, make-up water flow is
increased, which also increases steam flow to the tank, because pressure and temperature
inside the tank is kept constant. Accumulation can be continued to maximum allowed water
level height, which usually is set in such a way that steam volume is around 10%-20% of the
entire vessel volume. If steam consumption increases, make-up water flow is decreased and
more steam will be available for other processes. As make-up water flow and steam flow to
the tank reduces, water level also decreases, as can be seen in Figure 3b.(4).

Feed water tank is usually preferred for heat load balancing, because no additional
investment or operation cost is needed for the balancing act and it can be used to balance
most of the small deviations in the load. Precise load balancing capacity is defined by the
tank volume, make-up water need and characteristics of steam and water. Normally,
balancing capacity is limited by the tank size, which is not sufficient to balance large load
deviations.(4). Other drawback is that changes in make-up water flow might disturb the
operation of the deaerator and affect the quality of the boiler water (10).
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Figure 3 Heat accumulation in the feed water tank: a) shows the situation when feed water tank is fully accumulated and
b) when there is no accumulation

Heat accumulation into the feed water tank can also be performed by adjusting the
condensate flow to the tank. Operational principle is the same as adjusting make-up water
flow, but the temperature of the water is higher. In addition, condensate flow can be
increased while make-up water flow is decreased corresponding amount. Consequently,
steam flow into the tank decreases, because the average temperature of the inlet water
increases.(4).

2.4.2 Make-up water tank

Instead of using the auxiliary condenser and dumping heat to the environment, steam can be
used to heating water for later usage. Technically any cold water tank in the network can be
used as an accumulation vessel, but here the make-up water tank is discussed.

The make-up water tank serves as a buffer tank between water station and feed water tank.
Excess steam can be injected straight to the make-up water tank or it can be condensed with
make-up water itself prior injection. Average temperature of the make-up water increases in
the tank during the accumulation and when more steam is needed, warm make-up water is
led to the feed water tank, decreasing steam input to the feed water tank. (4).

Heat storages that warm water, e.g. hot water storage, work with the same principle as
heating make-up water. It is separated from this section because hot water storage tank is
solely a heat storage and make-up water tank has another primary usage. More detailed
description of heat storages is given in Section 2.5.
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2.4.3 Distribution network

Steam network delivers steam to the consumers, but it also works as a steam buffer. Constant
adjustment of pressure in steam headers is not practical, so typically £5% fluctuation in
pressure is allowed in the steam header before the adjustments begin (10). Balancing
capacity of the network can be estimated when maximum allowed pressure fluctuation,
pressure level and volume of the network is known. However, steam network’s balancing
capacity is very limited and usually it can only smoothen small deviations in the heat
load.(4).

2.5 Heat storages

There are two main mechanisms in thermal energy storage:
1. Adding energy to the material by increasing its temperature. (sensible heat energy
storage)
2. Utilizing material’s latent heat involved in phase change transition (phase change
material energy storage)
The energy involved in heating the material is called sensible heat and used amount of the
heat can be calculated by multiplying material’s mass, specific heat and the temperature
difference. Common example of sensible heat energy storage is warming hot water for later
use.(11).

The second main heat storage mechanism utilizes latent heat, which is the heat consumed or
generated in phase change transition. One example is melting of ice, in which solid ice turns
into liquid water by means of adding heat.(11). Phase transition can also be for example
liquid-gas and solid-solid transition, but most commonly solid-liquid transitions are used in
technical applications, because material’s confinement is easier than in for example liquid-
gas transitions. Phase change material (PCM) energy storages are attractive, because the
phase change occurs at the constant temperature allowing heat transfer at constant
temperature, which is usually desired. Other benefit of phase change energy storages is large
latent heat, which increases heat storage’s specific energy density (kWh/m?) compared to
sensible heat energy storages. For example PCM energy storages have up to three times
better capacity than sensible heat storage in water (8).

Energy of reversible chemical reaction energy, which is also called quasi-latent heat, can
also be utilized in thermal energy storages. The utilization mechanism of chemical reactions
is similar to the phase change energy storages. However, the difference in these two is that
in chemical reaction the chemical composition of the material changes, while in phase
change transitions it remains the same.(11). Chemical reaction energy storage’s capacity is
around tenfold compared to the sensible heat storage in water, but they are still being
developed (8).

Thermal energy storages can be grouped according to the temperature levels they are
working. Typically, storages are divided in low-temperature (below 120 °C) and high-
temperature (above 120 °C) storages (12). Although it is not uncommon to group them with
different temperature levels. They are ideally utilized in low-temperature applications such
as space heating, but they can effectively utilize high-temperature heat from for example in
industrial processes (13). Another common division of storages is through the storage
duration. Short term storages are used to address fluctuations lasting from hours to a day.
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Medium- or long term storages deal with fluctuations lasting from weeks to moths. Long-
term storages that are utilized for seasonal climatic variations are usually referred to as
seasonal storages. (12).

Heat storages can be utilized mainly in three ways (7):
1. Balance the heat generation and demand by storing heat when demand is low and use
the stored heat when demand is high
2. Optimize the production and cost of heat and power
3. Provide a reserve for planned shutdown and sudden defects

Probably the most common purpose of the heat storage is to balance fluctuations in the heat
load, in which case boiler output can be held constant for long time (7). In other words, heat
is charged into the storage when consumption decreases under the normal boiler output. Heat
discharging starts when the demand exceeds the boiler output. Load cycling is then avoided,
maximizing the revenues and reducing maintenance (13). In some cases, peak generation is
provided with more expensive fuel, which is replaced with stored heat.

Normally heat and power demand do not coincide with each other. If, for example more
electricity is needed, a heat storage can store the surplus heat from back-pressure power
production. Later, the stored heat can be discharged replacing more expensive, for example
oil or gas fueled heat production.(8). Alternatively, by-pass and auxiliary condenser can be
used, but then either power is not generated or latent heat is lost. If the demand variations
are well known, profit from storage utilization can be easily calculated, but forecasting
consumption can sometimes be troublesome, which increases uncertainty of the profit.

Industrial factories sometimes come across sudden defects. For example, web-brake on a
paper machine can reduce the steam load 20%-40 % from the maximum capacity of boiler
in less than a minute. This size of deviation is beyond the balancing capabilities of the boiler.
(10). However, heat storage can accumulate the otherwise perhaps blowdown heat for later
use. Heat storage can also smooth the planned boiler shutdown instead of using an auxiliary
boiler.

Vast variety of heat storage applications are developed, thus in-depth descriptions of all the
technologies are omitted from this study. Essential storage technologies for this study are
described in Chapter 3.

2.6 Drying

Biofuels typically consist significant amount of water. When biofuels chemical energy is
converted to heat, water content evaporates. If biofuel is not dried, evaporation occurs inside
the boiler and energy that could be utilized for water heating in a boiler is consumed in
evaporation of biofuel water content. In other words, drying is about at which stage of
process and at which temperature level the evaporation occurs. (14).

Typical solid biofuels are bark, forest residues and industrial waste wood. Black liquor and
sludge are also commonly used biofuels especially in the forest industry, but they are not in
the focus of this study. The moisture content of solid biofuels usually varies between 50-60
% w.b. (wet basis) without drying. Most influential factors affecting the moisture content
are type of the fuel (for example spruce or birch bark), season, weather and time span of
storage.(14).
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As mentioned earlier, fluidized bed boilers are commonly used nowadays. They do not
require drying of biofuels that have moisture content around 50-60% w.b. and combustion
of inhomogeneous fuel is also successful. However, biofuel drying can still improve the
energy efficiency of the power plant. Key benefits of drying are:

e Increased lower heating value (LHV)

e Improved fuel homogeneity

e Improved quality of combustion in the furnace

Increased LHV leads to an increase of boiler output, if the fuel input remains constant. The
increase can be estimated, and on the basis of this the profitability can be approximated by
an economic evaluation. Approximating the profit of the other benefits beforehand is
difficult, which is why economic calculations of drying are almost always based on the
increased LHV. However, the other benefits may also have positive economic influences
and sometimes they might even outdo the benefits coming from higher LHV.(14).
Sometimes drying is a required process industry. For example bark must be dried to moisture
content of 10-15% w.b. before gasification.(15).

Drying can be utilized in heat load balancing. The fuel can be dried with surplus heat and
then stored. Later, when heat demand increases, the fuel input can be increased without using
more fuel, because the energy content of the dried fuel has increased. During the storage
moisture content does not change significantly, especially in short-term storage. However,
drying process should run continuously as long as possible. Therefore, brief and small
surplus heat generation should not be used in drying, but long-term surplus generation can
provide potential heat source. For example, surplus hot water might be generated for a long
period of time during summer.

2.7 Energy control systems

The primary control task in industrial power plant is to balance the steam generation and
consumption for each steam headers to ensure efficient operation (10). Fast and large
fluctuations that occur in the industry can hardly be compensated with one of the balancing
components. Therefore, control systems are used to balance the heat load. They use steam
generation and demand information along with other compensators such as steam
accumulator, auxiliary condenser and reduction stations to balance the load. Some of the
commercial control systems might include demand predictions for week ahead allowing
peak load situations to be handled smoothly and optimizing the electricity supply.(16).

The control system carries out the heat balancing act in an order which the balancing
components are sequenced. The order should be sequenced correctly, in order to smoothly
balance the heat load with maximal economic efficiency. In case steam demand suddenly
decreases control system can for example first schedule the turbine to control the elevated
pressure. If, pressure still keeps increasing, steam accumulator start charging. After that
reduction valve between pressure levels opens and is that is not enough, auxiliary condenser
takes action. (10). Balancing the heat load requires investments at least for the control
system. If balancing capability of installed devices is not enough, more costs arise from
separate balancing units.
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3 Investigated heat load balancing technologies

This study focuses on investigating heat load balancing by means of utilizing heat storages.
For comparison, drying is also included in the study as an alternative technique for the
balancing. This chapter introduces operational characteristics of the steam accumulator, hot
water tank heat storage and belt dryer.

3.1 Steam accumulator

Steam accumulators usually have a storage medium, in which the heat is transferred. Water
is almost always used as a storage medium in the steam accumulator installations, because
of'its properties, especially high specific heat.(7). It is also inexpensive, harmless and already
used as a heat transfer fluid in the industry (17). Steam accumulator might be considered old
fashioned, but it is an efficient tool that can prove to be viable solution for providing steam
in factories, especially for batch processes.(9).

3.1.1 Structure and operation

Typically, steam accumulator is installed between two pressure levels, for example
intermediate (20-30 bar) and low pressure (3-6 bar) levels. During the charging process,
steam from higher pressure level is led into a vessel, which is partially filled with water at
low pressure level. Due to the heat transfer between steam and water, they both become
saturated. Charging steam condensates and the latent heat released in condensing increases
the temperature and the pressure of the water. Charging can continue until the pressure of
the vessel equals to the higher pressure level.

Discharging is performed by decreasing the pressure of the accumulator by opening the
discharge valve and letting the steam flow to the low pressure network. As the pressure drops
inside the accumulator, saturated water evaporates and more discharge steam is generated.
Temperature of the accumulator also decreases, because the sensible heat of the water
converts water into vapor. Finally, pressure in the accumulator reaches a pressure level when
no more steam can be generated.(10). The described accumulator is known as varying
pressure accumulator (also known as Ruth’s accumulator), because the pressure changes in
the accumulator, but it is.(7).

Simple structure of the steam accumulator is presented in Figure 4. Storage vessel is usually
a cylindrical steel tank, which is the most expensive part of the installation. The design
parameters are individually determined by the pressure and temperature restrictions of the
application. In industrial plant, this means pressure levels between 5 and 30 bars. Naturally,
vessel price grows larger when the tank size and pressure increases, because more steel is
needed to ensure proper thickness of the tank.(9).

Charging and discharging valves ensure that right amount of steam is led into and from the
vessel. Depending on a type of connection between the pressure levels, one or two non-
return valves are required to prevent inverse flow. Piping delivers steam to the injectors,
which are placed in the bottom of the vessel. Piping arrangement along with the injector
placement ensure even heating and proper mixing of the water.(9). Regulators are operated
according to the metering instruments. Typical metering parameters are pressure,
temperature and water level, which are used to control the accumulator system (7). More
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thorough description of the steam accumulator structure and components can be found in
references (6), (7) and (9).

Charge steam network {10 bar} Discharge steam network (5 bar)

Pre_ssurre ; l Safety valve
maintaining valve

Non-retumn valve X

Pressure
reducing valve

Accumulator

Steam injectors Supplement water

Drain cock

Figure 4 Main parts of the steam accumulator installation

Steam accumulator can be connected between two steam pressure levels in two ways, which
are shown in Figure 5. In the parallel connection (Figure 5a.) Steam flow can be regulated
to bypass the accumulator, which means that all the steam from high-pressure level can be
led through the reduction valve to the low-pressure level, if needed. This connection type
requires non-return valves for charging and discharging pipes in order to prevent inverse
flow. Accumulator can also be installed in series connection (Figure 5b.), in which the total
steam flow between pressure levels is through the accumulator. The accumulator piping is
required to be larger in the series connection to ensure ability to meet steam demand at all
times, but only one non-return valve is needed.(7).

High pressure network (10 bar) High pressure network (10 bar)

X X
P 'S

Low pressure network (5 bar} EF Low pressure network (5 bar)

a. Parallel connection b. Series connection

Figure 5 Two ways of arranging steam accumulator between pressure levels: a) describes parallel connection and b)
describes series connection
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3.1.2 Storage characteristics

Steam accumulator is in technical sense usually the most flexible option for balancing the
heat load, because its control characteristics can normally be chosen freely by the designer
(4). For example, the maximum amount of energy that can be stored into the accumulator
(storage capacity) is proportional to the volume of the vessel. However, the pressure levels
affect the specific storage capacity of the accumulator, which along with the size define the
storage capacity. The equation defining the specific energy density is shown in Section 4.3.1.

Steam accumulator can release steam instantly to the network, which makes it ideal for
balancing quick and short changes in production and consumption. Steam discharge rate is
usually limited by the capacity of installed valves and steam separator. If evaporation is fast,
water droplets might get drawn into the steam. In order to maintain discharge of dry steam,
maximum dry steam releasing rate has been studied empirically. In reference (9), maximum
releasing rate per water surface area is approximated using the following equation (9):

. k
Ms max (m_zgh) =220 *p, (1)

where p is the pressure of the accumulator.

In short term usage from minutes to hours, storage has nearly zero heat losses, if the
accumulator is insulated properly. For longer storage periods heat losses gradually increase,
decreasing the energy efficiency of the steam accumulating. Heat losses in long term storage
can be significant because the temperature of the storage is high, for example temperature
of the saturated water 1s around 180 °C at 10 bar. Nevertheless, steam accumulators have
been effectively used for longer storage periods extending over 24 hours, even supplying
steam for weekends (6).

In a charge-discharge cycle, the temperature of the discharged steam is lower than the
temperature of charged steam. This occurs because the steam inside the accumulator is
saturated and as the pressure of saturated steam decreases, the temperature also decreases.
Even if heat losses would be nonexistent, decrease in pressure can be seen as an exergy loss.
Exergy content of the saturated steam increases when the pressure increases and that is why
high pressure steam is more valuable than low pressure steam. Moreover, there are more
possibilities to utilize the high pressure steam in industrial processes than the low pressure
steam. From the practical point of view, electricity generation potential is lost when steam
is not expanded in a turbine. Therefore, expansion of steam from the high pressure level to
the lower level should be avoided. However, steam and electricity are not the primary outputs
of an industrial mill. They are rather part of the utility system, which primary objective is to
secure the economic production and quality of the main product, such as pulp.

3.2 Hot water storage

Water is nowadays used as a heat storage material in almost every heat storage system that
operate at low temperature level. This is mostly due to water’s very high heat capacity
compared to other materials. Furthermore, it is harmless, relatively inexpensive and used as
a heat transfer fluid in many applications.

Today, hot water storages are based on the tanks that are made from materials such as steel,
concrete and plastic. However, other heat storage technologies that utilize water as a storage
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material are developed. For example, borehole thermal energy storage, aquifer thermal
energy storage and solar heated hot water storage projects are in operation.(17). Natural or
manmade formations such as caverns or pits can also be utilized as a vessel for hot water
storages. In this study, only the hot water storage in a tank is investigated, and Sections 3.3.1
and 3.3.2 describe its structure, operation and storage characteristics.

3.2.1 Structure and operation

As the hot water has lower density than cold water, it rises to the top and cold water moves
to the bottom in the tank. Therefore, a large temperature difference between the hot water in
the top and cold water in the bottom can be created.(17). In other words, the tank can be
thermally stratified by a thermocline, a sharp temperature gradient. Typically, vertically long
tank is desirable for storage applications, because it improves the thermal stratification of
hot and cold water (12).

Figure 6 depicts the operational principal of stratified heat storage. Inside the tank hot water
is stratified in the top and cold water in the bottom. During the charging, cold water is taken
out from the bottom of the tank and hot water is led to the top of the tank from the heat
production keeping the total mass of the water constant inside the tank. The charging
operation therefore moves the thermocline lower inside the tank.(18). Charging can be
continued until all the cold water is taken out and the entire tank is full of hot water.
Discharging is committed vice versa, but on the side of heat consumption.
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Figure 6 Operational principle of a stratified heat storage tank (18)

The tank in hot water storage is usually insulated cylindrical steel tank that stands vertically.
It is often placed above the ground, but it can also be partially or entirely immersed in the
ground. The tank can also be pressurized, in which case water temperature in the storage can
exceed 100 °C and wider temperature range can be achieved. For example, the temperature
of the saturated water at 2 bar is 120 °C. However, pressurized tanks are more expensive,
which is the main reason why large tanks are usually unpressurized. Storage design also
includes the piping and nozzles, through which the heat is charged and discharged. It is
important to pay attention to the design of these components in order to avoid mixing of the
water.(8).

The hot water storage tank can principally be connected to the water network either directly
or indirectly. Figure 7 shows an example of both connection types. If the storage is connected
directly to the network, the network water will flow through the tank, as can be seen in the
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Figure 7a. The tank does not necessarily have to be pressurized, because network pressure
can be reduced by valves, when water is entering the tank. If the storage is connected
indirectly (Figure 7b), heat exchangers are used to transfer the heat between network and
storage water, in which case the storage has its own closed water circulation. Water purity
has to be good, if the direct connections is used. This technically means that steel tank has
to be used as a vessel. Indirect connection does not require high water purity, but possible
fouling in the heat exchangers must be considered.(8).
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Figure 7 Direct (a) and indirect (b) connections of a hot water tank heat storage

3.2.2 Storage characteristics

The most important storage characteristics for hot water storage are: storage capacity,
maximum input and output rate to and from the storage and heat losses (17). The storage
capacity depends on the characteristics of the water, the temperature difference of the
stratification inside the tank and the volume of the tank. Water has high heat capacity (4180
J/kgK at 20°C), which results in the specific storage capacity of around 1,16 kWh/m3*°C.
However, due to low melting and boiling temperature of water at atmospheric pressure,
storage applications are restricted to temperatures between 5°C and 95°C (13). If higher
outlet temperature is needed, it can be adjusted by increasing the pressure of the storage tank.
The temperature difference between the hot and cold water zones inside the tank should be
as large as possible, but at least 5-10 °C (12). In pressurized installations, the temperature
differences of 50-150 °C can exist (7).

Sometimes the volume of the storage might be limited by the environment, but usually it can
be chosen freely. Therefore, balancing the heat load is matter of sizing the storage accurately.
Existing storages vary greatly in size, but seasonal heat storages typically are substantially
large, because they need to accommodate all of the heat required between long-term heat
load changes. Large tanks are usually constructed in cylindrical shape, because this form has
low surface-to-volume ratio (12). This way heat losses per volume can be minimized.
Typically, in short term storage, heat losses are around 10-15 W/m? and annual average
energy efficiency is around 90% (8). In long term storage, the efficiency is lower and it
depends on the length of the storage period.

The maximum rate of heat transfer in and out the storage corresponds to the maximum water
flow. Mainly, the flow is limited by the valves used in the installation.(4). However, if heat
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exchangers are used in the connections, they might restrict the heat transfer. Therefore,
knowledge of the heat demand and generation is essential information for dimensioning the
heat exchanger correctly.

3.3 Belt dryer

There are large variety of drying technologies such as rotary dryers, fluidized bed dryers,
drum dryers, superheated steam drying and conveyor dryers. Finding the best option is
challenging and it can be controversial depending on the emphasized parameters (14).

Numerous parameters, such as dryer throughput, moisture content of the feed and output,
flexibility in capacity requirements, environmental regulations, available heat etc. should be
considered in order to find a suitable dryer.(19). Above all, quality requirements and drying
characteristics of the material are usually the most influential factors in choosing of a dryer
(14). It should be remembered that poorly chosen dryer can be costly, since the consequences
follow through an entire life time of the system (19). More detailed description of choosing
a dryer can be found in (14) and (19).

For this study a belt dryer (conveyor dryer, band dryer) is considered, because it is
conceptually simple and versatile in operation (19). Simple belt dryer configuration and the
most essential parts of it are presented in Figure 8. Material is dried by moving it through
the dryer on a conveyer belt, while hot air is blown perpendicular to the belt or over the bed.
Even distribution is ensured by leading the product through a feeding screw. Heat
exchangers are used to transfer heat to the drying air, which is then typically forced through
the material bed. Tightly packed materials or slurries are not well-suited for drying, because
air cannot penetrate them. Instead, particular material with a diameter of 1 to 50 mm is best
suited for belt dryers. (19). Material residence time in the dryer can be easily controlled, and
depending on bed thickness and material mixing moisture content of the outgoing material
is often of uniform quality. Because of the flexible control of the residence time, belt dryers
are used to dry materials that have long drying time, for example in low temperature drying
(temperatures below 100 °C).(14).

Figure 8 describes the simplest belt dryer configuration (single stage dryer), in which a single
conveyor moves the material. Usually, single belt dryer is divided into separate zones, which
have their own fans and heat exchangers. Belt dryer can also have multiple stages. Each
stage has their own conveyor and the conveyor speed can be adjusted separately. This allows
the adjustment of bed thickness in the stages resulting in more versatile usage than a single
belt dryer (21). The stages can be in a line after each other, but they can be also constructed
on top of each other, in order to save floor space. Although in general, multiple stage dryers
occupy more space and are more expensive than single stage dryers. Dryers may have energy
efficiency improving accessories, such as heat recovery of the exhaust air and partial
recycling of the exhaust air.(19).
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1. Wet product 5. Heat exchangers 9. Distribution screw Il
2. Feeding screw 6. Main fan 10. Cleaning brush

3. Even product layer 7. Discharge screw 11. Belt washing device
4. Dry product (screw) 8. Recycling screw

Figure 8 Main parts of the single stage belt dryer configuration (20)

Dryer control is typically carried out by adjusting the inlet air temperature. If the air
temperature is increased, the heat transfer between air and material increases accelerating
evaporation. Airflow rate itself is usually set during the design phase of the dryer, but it can
be adjusted if necessary. Dryer can also be controlled by changing the residence time. Belt
speed can be slowed down, which prolongs the drying time of the material. However, mass
flow rate of dry material is usually kept constant, which results in higher bed thickness if the
dryer capacity remains the same. If the bed thickness grows too large, pressure losses due to
forcing air through the stack can neutralize the benefits.(19).
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4 Steam load balancing

This chapter presents potential improvements and limitations determined using two
balancing methods presented in Chapter 3. First option uses a steam accumulator and second
option uses a belt dryer unit for balancing the steam load in the power plant facility used in
a paper mill. Section 4.1 introduces the mill used in this study and Section 4.2 describes the
scenarios where options are used. Section 4.3 describes the model and the results of the steam
accumulator system, and Section 4.4 the dryer option used in this chapter.

4.1 Mill description

The two cases conducted in this study are based on the data received from power plant
facility of a paper mill. The paper mill consumes a large amount of electricity because
mechanical pulping is used at the mill. In addition, the power plant supplies steam to the
processes such as paper machines.

Figure 9 presents the basic process diagram of the power plant. The steam network consists
of four different pressure levels. High-pressure steam (80-82 bars) is mainly generated by a
fluidized bed boiler (B1) that combusts biomass. High-pressure steam is also generated
combusting natural gas (B2). For additional steam generation, two natural gas boilers are
used to supply steam at a pressure level of 5 bars. The diagram does not show the district
heating network.
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Figure 9 Power plant process diagram and heat sinks. The diagram does not show the condensate loop, but condensate
from the processes is returned to the feed water tank
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The main process steam consumers (heat sinks) at the mill are presented in Figure 9. Heat
sinks operate at several pressure level and consist processes such as paper machines. In
addition, auxiliary condenser is installed at pressure level of 2 bars. Power is generated by
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back-pressure turbine (T1) and condensing turbine (T2), but it is also bought at the electricity
market

The overall steam generation profile and outdoor temperature at the mill over a one year
period is plotted in Appendix 1. The fluidized bed boiler output is kept fairly constant over
the year at around 85 MW, while natural gas based generation takes care of the heat load
balancing. The natural gas based generation includes the steam generation from the three
natural gas boilers. It is continuously part of the overall steam generation, although large
fluctuations occur due to the changed consumption.

The overall steam generation seems to have random short term fluctuations. However,
during January the average steam generation increases clearly. We can also see from the
Appendix 1 that until May steam generation seems to be higher than from May to January.
If the behavior of average outside temperature over a year is considered, the steam generation
seems to have a clear dependence to the temperature. The correspondence is especially
evident during January, when the temperature falls below -20°C, and steam generation
increases considerably.

Since heat is not accumulated in the system, the overall steam generation can be assumed to
correspond the overall heat consumption. The temperature dependence is caused by the
variations of the consumption in the processes that are mainly influenced by the weather. It
is also found in the data that secondary heat is used for DH all around year, but in the summer
DH production is more than needed and the excess heat is unutilized. The temperature level
of the secondary heat depends on the heat recovery system varying from 40 to 100°C.

4.2 Scenario descriptions

As it was described earlier, currently natural gas based steam generation is mainly used to
balance the large fluctuations in the heat load. The current situation is set as a reference case
in this study. It is assumed that existing units that have heat load balancing capabilities, such
as steam turbine, feed water tank and auxiliary condenser, are already utilized in the
reference case.

In order to sufficiently investigate heat load balancing improvements, a flow chart of
potential options has been made. Figure 10 presents a chart of possible options that could be
investigated. It describes the approach (technological), balancing method (way of utilizing
the approach), consequence (consequence of implementing the method) and expected
benefits of the implementation. The options are divided in two categories:

1. Short term heat load balancing (Case 1)

2. Long term heat load balancing (Case 2)

Case 1 uses balancing units for short term heat load fluctuations at high temperature level,
since the fluctuations occur in the steam network. From the potential options, steam
accumulator and drying options were chosen for this study, because they have variety in
usage as both can produce steam.
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Figure 10 Chart of the considered heat load balancing cases. Evaluation of power generation optimization due to short

term heat load balancing is not included in this study
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Case 2 uses the balancing units to balance long term heat load fluctuations. The fluctuations
occur in the hot water and steam generation network allowing the balancing units to use
excess heat at the low temperature level. It is considered that the most beneficial scenario is
to utilize the stored excess hot water during cold periods, when the steam generation
increases. The scenario is implemented with hot water heat storage and drying units.

4.3 Utilization of steam accumulator

The natural gas based steam generation is replaced by increasing the fluidized bed boiler
output and using the steam accumulator to balance the steam load. Because replacing all of
the natural gas would be unpractical, three scenarios with different decrease in natural gas
usage are separated as follows:

- Scenario A (20% decrease)

- Scenario B (40% decrease)

- Scenario C (60% decrease)

4.3.1 Methods

The model calculates the needed increase in the average fluidized bed boiler output to
accommodate the decrease in natural gas usage. A new steam generation profile is formed
by increasing the fluidized bed fuel input with the average increase for each time step and
decreasing a corresponding amount of the natural gas boiler fuel input. As the fluidized bed
boiler output sometimes exceeds the steam consumption, steam accumulator or dryer utilizes
the excess steam, and increases steam generation when the fluidized bed boiler output is
below the consumption. The consumption is assumed to remain unchanged when calculating
the new steam generation profiles.

The models used in this study are implemented in Microsoft Office Excel environment
utilizing solver add-in tool. Hourly data that has been received from a mill included values
such as steam generation, steam enthalpies and outdoor temperature data. The model
calculates charged steam, heat losses and increased steam generation in the fluidized bed
boiler for each time step. Based on the values, operational characteristics of the accumulator
are then derived.

The modelling is based on the energy and mass balances of the steam accumulator. Figure
11 shows the mass flow rates and their corresponding enthalpies of the accumulator. The
change in the heat content of the accumulator, @,..., over time can be derived from the Figure
11 as:

d¢acc ) . . .
T ms,inhs,in + mw,inhw,in - ms,ouths,out - mw,outhw,out - Q(t), (2)

ddgce ) . .
where % is the change in the heat content over time, m; the mass flow rate of steam, h

the enthalpy of steam, m,, the mass flow rate of water, h,, the enthalpy of water, Q(t) the
heat loss term and subscripts in and out denote the inlet and outlet flows, respectively.

Similarly, change in the mass of the accumulator over time becomes according to the Figure
11 as:

dm . . . .
ac = Mg in + My in — Msour — My out» 3)
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aM . : :
where — 18 the change in accumulator mass over time.

ms, in ﬁls,aut
> ————————
hs,in. Q hsout

@t

Steam accumulator

My in

hw, in

hw,in + ﬁ'-w,mrt
Figure 11 Mass and energy flows of the accumulator in the model

The accumulator contains water and steam, but it is mostly filled with water. Typically, water
occupies around 90% of the total volume of the vessel, when accumulator is fully charged.
Therefore, the heat content of the accumulator can be estimated by considering only the
water content.(9). If inlet water (supplement water) and outlet water (drain water) flows are
set to be zero during charging and discharging, dischargeable steam from the accumulator
can be derived from Equation (2) into a following equation:

ms,out,t+1hs,out,t+1 = mw,c,thw,c,t - mw,c,t+1hw,c,t+1 - Qa (4)

where subscripts ¢ and ¢ denote the state inside the accumulator and the time step,
respectively. In addition, mass of the discharged steam can be derived from Equation (3):

Msout,t+1 = Mw,ct — My ce+1- (5)

Combining the Equations (4) and (5), equation for discharged steam from the accumulator
can be derived as

My, et (Aw,c.t=hw,ce41)=Qes1 6)

Mg out,t+1 =
! ! Rsoutt+1—Rw,ct+1

The term “hg oyt ¢41 — hwce+1” 1S the latent heat of evaporation, because the steam and
water are saturated during the discharge and charge. In this study, the latent heat is assumed
to remain constant during the operation of the accumulator, although it changes depending
on the pressure. The heat loss term is neglected when determining the specific storage
capacity of the accumulator. Therefore, Equation (6) without the heat loss term is used to
determine the water content at the beginning state (reference state). The reference state of
the accumulator has the lowest possible discharging pressure for steam, 2.5 bars.

Similarly, during charging the heat content of the accumulator changes according to the
following equation:

mw,c,t+1hw,c,t+1 = mw,c,thw,c,t + ms,in,t+1hs,in,t+1 — Qt41- (7)
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In addition, accumulator mass balance during charging reduces to

My ct+1 = Myt T Msin- (8)

Supplement and drain water flows are considered in the model when all of the dischargeable
heat is discharged from the accumulator (accumulator pressure is 2.5 bar). They balance the
mass of water inside the accumulator to be equal to the mass of water in the reference state
of the accumulator. When the water mass is balanced, charging and discharging does not
occur, and Equation (3) reduces to

My ine+1 — Mwout,t+1 — Mw,c,o0 — My ct» )

where subscript 0 denotes the reference state. Supplement and drain water flows cannot
occur at the same time. The enthalpy of the drain water is the same as the enthalpy of
saturated water at pressure of 2.5 bar. If the enthalpy of the supplement water is also set to
be the same, the equation for heat content during the balancing of water mass reduces to:

My ce+1Mwet+1 = M thwee T (M int+1 — Mw,oute+1) w0 — Qes1s (10)

where h,, o denotes the enthalpy of the supplement and drain water. The volume of the
accumulator is derived during the simulation from the maximum cumulative mass of the
water inside the accumulator. It is assumed that water fills 90% of the accumulator when
accumulator pressure of 10 bar is achieved.

The heat loss term can be approximated using the following equation,

Q) = kA(Ty (1) — Toue (), (1)

where, k is the overall heat transfer coefficient, A the surface area of the accumulator, Ty,
outside air temperature and T, the water temperature inside the accumulator. The coefficient,
k depends on factors such as material characteristics, material thickness, size of the tank and
heat transfer characteristics between phases. In addition, the water and steam content of the
accumulator affects the heat transfer between the inner fluids and tank wall. In this study,
free convection is assumed to occur on the surface of the accumulator. The estimation of the
k can be found in Appendix 2.

The enthalpy of water at low pressure can be approximated as
hy, = my,Cpw (Ty — T), (12)

where ¢, is the specific heat capacity of water, T,, the temperature of the water and T the
reference temperature. In the model, specific heat capacity of the water is assumed to be
constant, which enables the calculation of the water temperature.

During charging, water (steam) is accumulated in the system, which means that less water is
in the power plant circulation. It might be necessary to compensate the accumulation by
adjusting the make-up water flow, especially if large amount of water is stored for long time.
Therefore, the effective heat content of the accumulator flow, @, ¢ ¢ is defined as
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Derr = Mepr(herr — Moy mu)ds (13)

where, subscripts eff and mu denotes the effective flow (charge, discharge, supplement or
drain) and make-up water, respectively. Equation 13 is used to calculate the maximum
charge and discharge rate of the accumulator. In addition, it is used along with Equation 1
to estimate maximum balancing capacity of the steam accumulator.

The energy efficiency of the accumulator, &, is defined in this study as follows:

Pinc Ds out
Eacc = =— 14
acc 2 Pin q)s,in""pw,in’ ( )

where @;,. is the increased steam generation due to the usage of the balancing system and
Y. &;,, the sum of each heat inputs to the balancing system. The surplus heat and shortfall of
the heat inside the accumulator at the end of the year compared to the reference state are
considered in @; 4, and D 1.

The economic evaluation is based on savings that are made by replacing natural gas with
biomass. Electricity generation is very low in the power plant, because low-cost electricity
is available on the market. Therefore, in this study, the heat is priced purely on the heat
content excluding the electricity generation (i.e. energy based pricing). The cost of generated
heat, Cyp, then becomes as follows,

c 1tefce
C., = Juell®r"e 15
gh Nbé€bpal ( )

where cg,¢; 18 the cost of used fuel, ef the emission factor of the used fuel, c, the cost of
emissions, 17, the boiler efficiency and g, ,; the energy efficiency of the balancing unit. When
calculating the cost generated heat for boilers, g,,; is neglected because balancing unit is not
used in the generation. If electricity was generated, it should be properly accounted in the
pricing of heat at different pressure levels using for example residual value method.

The total savings can be divided in two parts. There are the savings that come when the
balancing unit generates steam instead of the natural gas boiler. In addition, savings arise
when the fluidized bed boiler directly replaces the natural gas boiler due to increase in
average fluidized bed boiler output. The savings from utilizing the balancing unit, S;,; can
be calculated by multiplying the discharged heat from the accumulator with the remainder
of the balancing unit’s and natural gas boiler’s costs of generated heat;

Spai = Pinc( Cgh,ngb - Cgh,bal)a (16)

where the subscripts ngb and bal denote the natural gas boiler and balancing unit,
respectively. The savings from direct fuel replacement, S,.,, can be calculated by
multiplying the amount of directly replaced natural gas fuel input, due to increase in average
fluidized bed boiler output, with a remainder of the natural gas and biomass fuel costs:

Pinc
Srep = (ACIng - W) (cng + €rNGCe — Chio — ef,bioce)a (17)
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where Ag, 4 is the overall decrease in natural gas fuel input and subscripts ng and bio denote
natural gas and biomass, respectively. The cost of increased fuel input to the fluidized bed
boiler is estimated as the cost of biomass.

Lastly, the total savings, S;,; can be calculated as a sum of savings:
Stot = Spar + Srep- (18)

Table 2 lists the initial values and assumptions for the simulations. The accumulator operates
between the steam network pressures of 10.6 bars and 2.2 bars, but charging and discharging
pressures are chosen in such way that pressure difference between the network and
accumulator remains, in order to secure a proper flow. Fuel prices are retrieved from
“Statistics Finland” web publications, and are based on the prices on the first quarter of 2016
(22). Emission factors are retrieved from Statistics Finland Fuel classifications publication
(23). Price and emission factor for biomass are estimated as a forest residual from the above
sources. Forest residual is not in scope of emission trading scheme in Finland, hence it has
emission factor of zero. Emission cost is estimated according to the reference (24).

Table 2 Initial values and assumptions for simulating steam accumulator in Case 1

Process values

- Natural gas usage decrease (%) 20, 40, 60
- Boiler efficiency (natural gas and fluidized bed boiler) 0.9
Steam Accumulator

- Charging pressure (bar) 10

- Discharging pressure (bar) 2.5

- Vessel length to diameter ratio 4

- Maximum water content (of the vessel volume) (%) 90

- The overall heat transfer coefficient (W/mZ3K) 0.226
Water and steam characteristics

- Specific heat capacity of water (MJ/kgK) 0.00427
- Enthalpy of make-up water (MJ/kg) 0.0854
- Latent heat of evaporation (MJ/kg) 2.182
Economic

- Natural gas price (€/MWh) 37.26
- biomass price (€/MWh) 21.0
- Emission cost (€/tco2) 5

- Natural gas emission factor (kgco2/MWh) 199

- Biomass emission factor (kgco2/MWh) 0
Assumptions

Average fluidized bed boiler output is increased when the boiler is not shutdown or
on the way to be shutdown, i.e. the boiler output is larger than 45 MW.

Steam accumulator is cylindrical and lies vertically.
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4.3.2 Scenario A results

When the natural gas usage is decreased by 20%, the fluidized bed boiler fuel input increases
10.8 MW and new steam generation profile over one year is formed, which is visible in
Appendix 3 (1/3). As can be seen in Figure 12, the accumulator is utilized only few times
during a year, because the average natural gas boiler steam generation is fairly high in the
reference case (Appendix 1). The increase in biomass fuel input is not large enough to reach
the level of process heat consumption, thus natural gas is combusted regularly to balance the
heat load. Fluidized bed boiler steam generation is mostly just replacing natural gas boiler
generation at specific moment of time and most of time no excess steam is available for
charging the accumulator.

State of the accumulator is presented as the enthalpy of the water inside the accumulator,
which is plotted in Figure 12. Heat losses decrease the enthalpy steadily, and the heat charged
into the accumulator has to compensate the losses before accumulator can reach minimum
discharge enthalpy. Heat losses along seldom charging with small energy input leads to an
accumulator charging behavior that exceeds minimum discharge enthalpy only few times.
The minimum output enthalpy is the limit above which the accumulator can discharge steam.
It corresponds to the enthalpy of saturated water at the pressure of 2.5 bar (0.5356 MJ/kg).
Maximum enthalpy is set to 0.7622 MJ/kg; which corresponds to the enthalpy of saturated
water at the pressure of 10 bar.
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Figure 12 Enthalpy of the water inside the steam accumulator (black line) during the simulated year in Scenario A (20%
decrease in natural gas usage). Grey line shows the minimum enthalpy that is needed to discharge steam and red line
corresponds to the maximum enthalpy of water inside the accumulator

Figure 13 shows a histogram of the charging and discharging period duration. Because of
the small energy input during charging and compensation of heat losses, number of charging
times 1is larger than number of discharging times, as can be seen in the figure. In addition,
charging and discharging seem to focus on brief periods, which is a good thing from the
viewpoint of heat storage usage, because more charge-discharge cycles can be done
compared to long charging and discharging periods. Amount of short charging periods
indicates that fluidized bed boiler steam generation does not tend to stay long above the
consumption, but decrease quickly after exceeding the consumption. However, clear shape
1s not visible in the histogram as it is in Figure 15 and Figure 17.
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Figure 13 Histogram of the charge and discharge duration of the steam accumulator in Scenario A (20% decrease in
natural gas usage

The operation of the accumulator is not desirable due to seldom utilization, but the
accumulator affords a reserve for excess steam generation. Previously, an average natural
gas load ensures a sufficient steam generation at all times, but in this case the accumulator
takes the role of securing sufficient steam supply and ensures that steam is not wasted. It
seems that out of the three main ways to use heat storage (see Chapter 2), the accumulator’s
primary purpose is to provide a reserve in Scenario A.

In Scenario A, energy efficiency of the accumulator reaches only 55%, because only few
discharge cycles cannot provide sufficient energy compared to the losses during a year. The
volume of the accumulator is just below 2000 m?, but it should be placed outside, because
of the large space it occupies. Operational values of the accumulator in Scenario A are listed
in Table 4 in Section 4.3.6.

4.3.3 Scenario B results

When natural gas usage is decreased 40%, fluidized bed boiler fuel input increases 21.6 MW.
The average fluidized bed boiler heat output now increases to the same level as the overall
process heat consumption and regularly fluctuates over and under the consumption, as can
be seen in Appendix 3 (2/3), which presents the steam generation and consumption profile
over one year. Most of the charging occurs during the summer months and less during the
winter time, because consumption increases in January. This limits the accumulator’s
availability and efficiency because the accumulator is not charged during cold period.

The utilization of the accumulator can be seen in Figure 14. It describes the water enthalpy
inside the accumulator over the simulated year. Compared to Scenario A, there are a greater
number of charge-discharge cycles. They are focused between May and December whereas
accumulator is rarely utilized from January to April. Unutilized time decreases the efficiency
and overall profit gained from the accumulator, but operation from January to April would
require an additional increase in average fluidized bed boiler output reducing natural gas
fraction even more. Moreover, constant boiler output is desirable and uncertainty in
forecasting the changes of consumption might prevent the increase, or larger accumulator
might be then needed to secure sufficient steam generation.
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Figure 14 Enthalpy of the water inside the accumulator over the simulated year in Scenario B (40% decrease in natural
gas usage). Grey line illustrates the minimum enthalpy that is needed to discharge steam and red line describes the
maximum enthalpy of water inside the steam accumulator

Few forced shutdowns of the fluidized bed boiler can be seen to affect the usage of the
accumulator. In the mid-April, mid-June and especially long shutdown from mid-August
until mid-September prevent the charging of the accumulator. However, seasonal
maintenance breaks are necessary. Accumulator could be intentionally charged prior forced
shutdowns in order to provide steam during shutdowns, but accumulator’s capacity would
not be enough to secure sufficient steam supply for the entire shutdown period.

Further investigation of the accumulator usage can be done by analyzing a histogram of the
charging and discharging duration, which is presented in the Figure 15. It can be seen that
brief charging periods are the most common. As the duration becomes larger, the number of
occurrences decreases exponentially. From the operational point of view, this means that
steam generation exceeds consumption mostly a brief moment of time and stays above the
consumption rarely for long periods of times. This kind of behavior is desirable for heat
storage, because heat losses become small and numerous charge-discharge cycles can be
realized increasing the accumulator’s efficiency.

Discharging behavior is exponential for the same reason as charging behavior. The number
of discharging times is smaller than the number of charging times, especially when the
duration is short. The difference appears, because part of the charged energy is compensating
the heat loss energy. Most of the charging and discharging focuses on less than 10-hour
duration, but few long charging and discharging operations are done, the longest ones lasting
over 60 hours.
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Figure 15 Histogram of the charge and discharge duration of the steam accumulator in Scenario B (40% decrease in
natural gas usage)

The volume of the accumulator is large, over 10 000 m? (see Table 4 in Section 4.3.6). Tank
of that size would have high investment cost and placing it might be challenging, but it is
not too large for construction. For example, unpressurized tanks of that size have been built
(8). However, ensuring a durability of the tank at 10 bar pressure would require larger wall
thickness than in the unpressurized tank. Alternatively, several smaller tanks could be more
practicable to construct and use, but simulation model is made only for one tank and
investigating several tank option is beyond the scope of this study.

The energy efficiency of the accumulator reaches 88%, which is good considering that the
efficiency is calculated for annual usage and the accumulator is practically unutilized for
around four months. However, it is important to notice the heat losses are the only loss
considered and other losses during charging and discharging, for example in valves, might
occur.

Other noteworthy fact is that during the operation, the maximum charge rate is 19.4 MW
and the maximum discharge rate is 72.8 MW. High discharge rate arises from the assumption
that steam is discharged as soon as possible with the highest possible rate. For the simulated
accumulator, the maximum balancing capacity is approximated according to the Equation 1
and Equation 13 to be around 184 MW, which is clearly above the maximum simulated rate.
In practice, maximum discharge rate can be adjusted depending on the consumption and
when the natural gas boiler is wanted to be compensated. On the other hand, charging rate is
defined by the steam generation and consumption and cannot be controlled as easily unless
steam is blown out.

4.3.4 Scenario C results

When natural gas based generation is decreased 60%, fluidized bed boiler fuel input
increases 32.8 MW and most of the time boiler output is above the consumption, as can be
seen in Appendix 3 (3/3), which shows the steam generation and consumption profile over
one year. However, from January to May accumulator is discharged seldom and natural gas
boiler is used for steam generation. Natural gas is combusted little amounts during other
months and accumulator discharging periods are rare, because of the high average fluidized
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bed boiler output. The discharging of the accumulator seems to be focused on large
discharging periods, such as fluidized bed boiler shutdowns. The accumulator can provide
steam for short term fluidized bed boiler shutdowns, but during long term shutdowns cannot
be supplied entirely.

Operational behavior of the accumulator is also visible in the Figure 16: water enthalpy
increases steadily and then drops steeply to the minimum discharge enthalpy. Charge-
discharge periods are concentrated in three peaks, which have long charging periods, from
one to two months, caused by the high average fluidized bed boiler output. Large discharging
periods take place during fluidized bed boiler shutdowns, when only accumulator is
supplying steam to the network. The simulated operation is in principal different compared
to the Scenario B, where charge-discharge cycles are frequent and smaller in size. One could
argue that the accumulator in Scenario C is a form of long term heat storage, because the
charge-discharge cycles focus on three long and large charge-discharge cycles in a year.
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Figure 16 Enthalpy of the water inside the accumulator over the simulated year in Scenario C (60% decrease in natural
gas usage). Grey line illustrates the minimum enthalpy that is needed to discharge steam and red line describes the
maximum enthalpy of water inside the steam accumulator

Figure 17 shows a histogram of the charging and discharging duration for Scenario C. The
most significant difference compared to the other scenarios is that the number of discharging
periods is larger than the number of charging periods in short duration periods. As the
average fluidized bed boiler output is larger than the consumption, charging periods prolong.
Discharging periods become more frequent, because dischargeable steam is usually available
in the accumulator and the fluidized bed boiler output from time to time fluctuates under the
consumption. The boiler output and the consumption behavior tends to fluctuate in such a
way that they do not stay constant for long time. The exponential behavior of the duration
indicates that the probability of occurrence of a certain fluctuation duration decreases
exponentially when the fluctuation duration increases. However, as the amount of charged
heat increases, also discharging periods increase, because dischargeable heat inside the
accumulator usually available.
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Figure 17 Histogram of the charge and discharge duration of the steam accumulator in Scenario C (60% decrease in
natural gas usage)

The energy efficiency of the accumulator is high (see Table 4). Although the charge-
discharge cycles are long, up to two months, enthalpy of the water does not go below 0.519
MlJ/kg, while in Scenario B, the minimum enthalpy is 0.492 MJ/kg. Absolute heat losses are
indeed larger in Scenario C, but heat losses per kilogram of stored water are smaller
increasing the efficiency. This is because the heat losses are related to the surface area of the
vessel, and the ratio of surface area to volume decreases, as the volume increases.

Because of the operational behavior of the accumulator, which includes long charging
periods and few discharging periods, the vessel has to be large. According to simulation
calculations, the volume of the vessel is almost 120000 m?, which makes it 11 times larger
than in Scenario B. Construction of such a large vessel is unlikely. Several smaller tanks
would be more practical to construct. However, heat losses would increase compared to one
large vessel and simulations had to be done again for accurate results. In addition, finding
space for one or several vessels of that volume might be problematic too. Because
occasionally the accumulator is the only steam supplier, discharge output capacity has to be
as great as boilers. In calculations, accumulator’s discharge capacity is estimated to be
clearly above the needed rate.

In Scenario C, 60% decrease in natural gas usage could be completed in other way, if the
average fluidized bed boiler output was allowed to change. From January to May, the
fluidized bed boiler output could be increased and rest of the year the average output would
be decreased to match 60% decrease. This would result in a better utilization of the
accumulator, because the accumulator could be discharged from January to May. In addition,
during the rest of the year, charge-discharge cycles would be more frequent and smaller, as
they are in Scenario B, increasing the energy efficiency of the accumulator. As a
consequence, the vessel size would probably decrease, since long charging periods would
disappear.

On the other hand, increasing average fluidized bed boiler output for few months would
require precise knowledge of the consumption behavior. Formulating decent forecast for the
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duration of the increase would be difficult and perhaps impossible. Moreover, forecasting
errors would result in insufficient or excess steam generation. Power plant’s main function
is to ensure sufficient steam supply, which means that forecasting and design is carried out
carefully. Therefore, securing the sufficient steam supply might require fairly large
accumulator, since some back-up capacity should be available. Furthermore, the constant
average boiler output is desirable, and the scope of this study is limited to keep fluidized bed
boiler’s output constant.

4.3.5 Economic evaluation of the scenarios

Economic evaluation does not pay attention to investment costs of the accumulator or larger
boiler. It is entirely based on the annual fuel savings, which is divided in two components.
First, balancing unit generates steam instead of the natural gas boiler and second, fluidized
bed boiler’s increased steam generation directly replaces the use of natural gas.

Table 3 lists yearly savings and key operational characteristics for each scenario. The cost
of generated heat for the accumulator and the heat production cost of the natural gas boiler
are compared. The cost generated heat for accumulator depends on the accumulator
efficiency: Increased heat losses decrease the amount of discharged heat from the
accumulator. This increases the cost of discharged heat, since the heat losses are
compensated with charged heat. All accumulators in the scenarios reach lower cost than the
heat production using only natural gas boiler, which makes the steam generation through the
fluidized bed boiler and steam accumulator cheaper than using a natural gas boiler. However,
the accumulator’s cost of generation in Scenario A is barely less than the one of natural gas
boiler’s.

Table 3 Operational characteristics of the accumulator option and annual economic savings for each scenario, where
Scenario A corresponds to 20%, Scenario B 40% and Scenario C 60% decrease in natural gas usage

Scenario A | ScenarioB | Scenario C
;Anvci(raziz fluidized bed boiler fuel input (MW) 10.77 5158 37 81
Accumulator characteristics
- Steam generation (MWh/a) 306 5296 29756
- Operating time (h/a) 194 2106 5165
- Volume of the tank (m3) 1990 10775 118413
- Energy efficiency 0.554 0.880 0.892
- Cost of the generated heat (€/MWh) 42.13 26.75 26.63
Natural gas boiler
- Cost of the generated heat (€/MWh) 42.51 42.51 42.51
Annual savings
- Balancing unit usage (Eq. 16) (€/a) 113 83448 472 304
- Direct fuel replacement (Eq. 17) (€/a) 1360573 | 2631323 3528802
- Total savings (Eq. 18) (€/a) 1360686 | 2714771 4001 106

The two components of the total savings are plotted in Figure 18. As can be seen in the
figure, significant share of the savings come from directly replacing natural gas based steam
generation with biomass based generation. The total savings strongly depend on the natural
gas usage decrease, because the accumulator steam generations are low compared to the
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decreased natural gas usage. Because of the strong dependence on the direct fuel replacement
savings, all of the decrease cases seem to have a great saving potential.
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Figure 18 Savings components for the accumulator options in each scenario, where Scenario A corresponds to 20%,
Scenario B 40% and Scenario C 60% decrease in natural gas usage. Summing the components results in total savings

Directly replacing natural gas based generation with biomass based generation is more
efficient than steam generation through the accumulator. It should be remembered that the
accumulator installation enables a decrease in the natural gas usage without directing heat
out of the system, because normally natural gas is combusted in order to balance the heat
load. In comparison, if fluidized bed boiler fuel input was increased without the accumulator,
the excess steam would be blown out or led to an auxiliary condenser.

Price of the vessel and system installation have not been considered in this study, but the
size of the vessel has been estimated. Vessel volume does not grow linearly as the natural
gas usage decreases, but rather exponentially. Because the vessel is the most expensive part
of the installation, investment cost is likely to increase in a similar manner.

If the capacity of the fluidized bed boiler does not restrict the increase of the average fuel
input, decreasing natural gas usage can be done by only investing in the balancing unit and
no additional investments such as a new boiler are needed. However, the average fuel input
increase is large in every scenario and most likely will not be achieved without additional
investments. The cost-effectiveness of the investment should be then properly investigated
using for example net present value (NPV), internal rate of return (IRR) or payback period
(PBP).

4.3.6 Summary of the results

Table 4 lists the operating values of the steam accumulators in each scenario. The average
fuel input increase is large for all scenarios and reaching it would most likely require
additional investments such as a new boiler. Due to the different increases in fuel input, the
fluidized bed boiler steam generation profile is lower, around the same and higher than the
steam consumption in Scenario A, Scenario B and Scenario C, respectively.

In Scenario A, the accumulator usage is rare and the steam generation of the accumulator is
low decreasing the energy efficiency. Scenario B results in an accumulator, which is
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regularly used in steam load balancing. Consequently, the accumulator generate
considerably more steam with better energy efficiency than in Scenario A. The accumulator
in Scenario C has slightly better efficiency than in Scenario B, but the volume is more than
tenfold compared to the Scenario B resulting in an unpractically large installation. As a
result, the accumulator in Scenario B has the best operational behavior among the scenarios
and it also has constructible design parameters for implementation.

The maximum charge and discharge rates refer to the maximum charging and discharging
values that accumulators are simulated to generate, respectively. The balancing capacity
refers to the estimated maximum discharge rate that the accumulator can generate without
water entrainment. All accumulators are able to generate sufficient amount of steam even
though in Scenario B and Scenario C the needed amount corresponds to the fluidized bed
boiler output.

Table 4 Operational values of the steam accumulators in each scenario, where Scenario A corresponds to 20%, Scenario
B 40% and Scenario C 60% decrease in natural gas usage

Operational value Scenario A Scenario B Scenario C
Natural gas usage decrease (MWh) 79190 158381 237571
Average fuel input increase (MW) 10.77 21.58 32.81
Steam generation (MWh) 306 5296 29756
Operating time (h) 194 2106 5165
Volume of the tank (m?) 1990 10775 118413
Dimensions (L x D) (m) 34.4x 8.6 60.3x 15.1 134.1x33.5
Energy efficiency 0.554 0.880 0.892
Balancing capacity (MW) 59.8 184.4 911.3
Maximum charge rate (MW) 9.7 19.4 29.5
Maximum discharge rate (MW) 31.0 72.8 138.4

4.4 Utilization of the dryer

Instead of storing heat in a steam accumulator, it can be used for drying biomass. When the
consumption increases, dried biomass can be combusted increasing the fluidized bed boiler
output. In the simulations, the dryer is utilized in the same way as the accumulator, hence
20%, 40% and 60% decreases in the natural gas usage are investigated in Scenario A,
Scenario B and Scenario C, respectively.

4.4.1 Methods

The dryer system is implemented in such way that the excess steam is used to warm outdoor
air for drying. A heat exchanger transfers the latent heat of the low pressure steam to the air.
Biomass is then dried with the hot air and stored. When the consumption exceeds the
fluidized bed boiler output, the dried biomass replaces the normal biomass in the combustion
increasing the steam generation.

Figure 19 shows the mass flow rates and their corresponding enthalpies for the dryer system.
The heat transfer fluid flowing into the heat exchanger is steam, because excess steam is
used to heat the drying air. If heat losses are assumed to be negligible, energy balance of the
heat exchanger is as follows,
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maha,in + mhhh,in = maha,out + mhhh,outa (19)

where m,, is the mass flow rate of dry air, h, the enthalpy of dry air, m;, the mass flow rate
of heat transfer fluid, h;, the enthalpy of heat transfer fluid and second subscripts in and out
denote the inlet and outlet flows, respectively.

my hh,out my hh,in

ma ha,out ma hac
—
Heat exchanger Dryer
Blower
- -
7’hdry ib,out mdry ib,in

Figure 19 Mass flow rates and their corresponding enthalpies for the dryer system. hac is the enthalpy of air at the dryer
outlet, My,qry the mass flow rate of the dry biomass and i, the moisture content of the biomass dry basis.

Equation (19) can be rearranged in order to solve the mass flow rate of air:

_ Mn(hn,in—hnout) (20)
a (ha,out_ha,in) )

The heat transferred from the steam to the drying air represents the balancing capacity of the
dryer when excess steam is generated, and it can be calculated as follows,

P = mp(hpin = hnout)- (21)
The enthalpy of the air is the sum of enthalpies of dry air and water vapor (14):
he = cpaaT; + x(cpy T, + 2501), (22)

where ¢4, is the specific heat capacity of dry air, x the absolute humidity (kgu,o0/k9a.qa.)-
Cpy the specific heat capacity of vapor and T, the temperature of air in °C.

The area of the dryer, A4 can be estimated according to the average mass flow rate of the
air, when velocity of the air and biomass bed thickness in the dryer are known:

Ad — ma,avg (23)

b
VaPa

where M q,,4 1S the average mass flow rate of the dry air, v, the velocity of the air and p,
the density of the dry air at the given temperature.

The residence time of the biomass can be determined according to the mass flow rate of the
biomass and the dryer dimensions as follows,
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_ AdSbedPpin (100—Wa)
tr - mdry 100 s (24)
where t, is the residence time, sp,.4 the bed thickness, pp;, the bulk density of the moist
biomass at the dryer inlet, 714,., the mass flow rate of the dry biomass and w, the moisture

content of the inlet biomass (wet basis) expressed in percentages.

The moisture content of the biomass at the dryer inlet is assumed to remain constant during
the simulations. In reality, the amount available excess heat fluctuates for each time step
changing the moisture of the outgoing biomass from the dryer. Calculating the outgoing
moisture content of the biomass for each steps is arduous. Therefore, an average outgoing
moisture content is estimated according to the calculated residence time and experimental
drying curves of bark (see Appendix 4) measured by Holmberg et.al (15). The parameters
used to determine the average moisture content (the inlet temperature of the air, absolute
humidity of the drying air and bed height), are chosen to correspond the ones used by
Holmberg et. al (15).

After drying, the biomass is led to the storage, and when the fluidized bed boiler cannot
provide sufficient amount of steam, dried biomass is combusted. The dried biomass replaces
the wet biomass in the combustion, hence the dry mass flow rate of the biomass to the boiler
remains constant. The maximum increase in steam generation is obtained when all of the
fuel going to the boiler is dried biomass. The increased steam generation can be calculated
based on LHV, which can be estimated as (14),

100—Wyet

Hyer = Hdry (T) —0,02443w,,¢¢, (25)

where H,e; 18 the LHV of wet biomass, Hg;-, the LHV of completely dry biomass and w,,¢¢
the moisture content of the wet biomass wet basis. Consequently, the increased steam
generation, @;,. 18

100 100
Pine = MyMary (15005~ Hob — To0m0 Hoa ) (26)
where mg,, is the dry mass of the biomass, w;, the moisture content of the outgoing biomass

from the dryer, Hp;, the LHV of the outlet biomass from the dryer and Hj, the LHV of the
inlet biomass to the dryer. It is assumed that during the storage the moisture content of the
biomass does not change and there are no dry matter losses of biomass.

Based on the Equation (14), the energy efficiency of the dryer system, ¢, is defined as

27

The energy efficiency does not include other additional energy usage such as electricity
usage of the blower.

The economic evaluation of the dryer system is conducted in the same way as in the steam
accumulator system (Section 4.3.1). Therefore, equations (15), (16), (17) and (18) are used
to determine the cost savings of the dryer system.
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Table 5 lists the initial values and assumptions used in the simulations. The mass flow rate
of the biomass is set according to the average biomass fuel input to the boiler. The dryer
operating values such as the air velocity, biomass bed thickness and drying air temperature
at the outlet of the heat exchanger are based on ref. (15). Biomass characteristics are
estimated according to the values of forest residual in the reference (25). The steam entering
the heat exchanger is at 2 bar and it leaves the heat exchanger as saturated water at 2 bar.
For the humid air calculations, air and steam characteristics are taken at the temperature of
50 °C. The economic parameters are the same as in the accumulator option, and they can be
found in the Section 4.3.1.

Table 5 Initial values and assumptions for the dryer simulations in Case 1

Process values

- Natural gas usage decrease (%) 20, 40, 60
- Boiler efficiency (natural gas and fluidized bed boiler) 0.9
Dryer

- Mass flow rate of the moist biomass into the dryer (kg/s) 6.95

- Velocity of the air into the dryer (m/s) 0.75

- Bed thickness (m) 0.25
Biomass characteristics

- Moisture content of the biomass at the dryer inlet (% w.b.) 60

- Bulk density of moist biomass (kg/m3) 350

- LHV of the dry biomass (MJ/kg) 19
Heat exchanger

- Temperature of the Inlet air (°C) 10

- Temperature of the outlet air (°C) 90

- Pressure of the inlet steam (saturated) (bar) 2

- Pressure of the outlet water pressure (saturated) (bar) 2
Air and steam characteristics

- Absolute humidity of the drying air at the inlet to the dryer | (kgnao/Kgd.) 0.005
- Specific heat capacity of dry air (MJ/kgK) 0.001008
- Specific heat capacity of vapor (MJ/kgK) 0.00188
Economic

- Natural gas price (€/MWh) 37.26
- Biomass (€/MWh) 21.0

- Emission cost (€/tco2) 5

- Natural gas emission factor (kgco2/MWh) 199

- Biomass emission factor (kgco2/MWh) 0
Assumptions

Average fluidized bed boiler output is increased when the boiler is not shutdown or on the
way to be shutdown, i.e. the boiler output is larger than 45 MW.

Moisture content of the biomass does not change and there are no dry matter losses
during the storage.
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4.4.2 Scenario A results

The balancing behavior of the dryer due to 20% natural gas usage decrease results in an
average biomass fuel input increase of 10.8 MW. The figure of the new steam generation
and consumption profile over one year can be seen in Appendix 5 (1/3), which is similar to
the profile in Scenario A with the steam accumulator. Increased fluidized bed boiler
generation is mostly replacing natural gas boiler generation directly and dryer usage is rare.

Figure 20 presents the dried biomass volume in the storage at a specific moment of time. It
corresponds to the potential boiler output increase available at that moment of time. As the
dryer is rarely used, the balancing systems acts as a reserve for excess steam generation and
drying-combustion cycles occur seldom increasing the energy content of the biomass only
345 MWh during the simulated year.
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Figure 20 Volume of the dried biomass in the storage during the simulated year in Scenario A (20% decrease in natural
gas usage)

Figure 21 shows a histogram of the drying and dry biomass combustion duration. The figure
shows that the drying and the boiler output increase, due to combusted dry biomass, focus
on the short periods of time. It is not preferable for the dryer, because the dryer has to be
shut down quickly after the start up hindering its operation. Compared to the corresponding
scenario with the accumulator, the dryer system has more discharge occasions. The
difference occurs because there are no heat losses during the storage period of the dried
biomass.

The energy efficiency of the drying system is 60% (see Table 7). As there are no losses
during the storage period, the efficiency remains constant regardless of the amount of dried
biomass. However, the efficiency would decrease, if the biomass mass flow rate to the dryer
was reduced: The heat required to evaporate specific amount of water from the wet biomass
is smaller than the heat needed to evaporate the same amount water from the dryer biomass.
Therefore, it is more beneficial to dry a larger amount of wet biomass to the higher moisture
content than to dry a smaller amount of wet biomass to lower moisture content. On the other
hand, biomass storage volume would decrease, if less biomass was dried.
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Figure 21 Histogram of the dried biomass combustion and drying duration in Scenario A (20% decrease in natural gas
usage)

4.4.3 Scenario B results

When natural gas usage is decreased 40%, the average fluidized bed boiler fuel input
increases 21.8 MW. The fluidized bed boiler steam generation reaches the same level as the
consumption and it fluctuates frequently over and under the consumption, as can be seen in
the figure in Appendix 5 (2/3). Consequently, the biomass volume in the storage changes
regularly as drying and combustion of the dried biomass occurs often.

Figure 22 shows the volume of the dried biomass in the storage over the simulated year.
Drying time and combustion of the dried biomass mainly occurs between May and January,
because the steam consumption increases in January. The shutdowns of the fluidized bed
boiler in April, mid-June and September are also visible in the figure. The combustion could
be timed between January and May without losses, improving the flexibility of increasing
boiler output. However, longer storage periods might require larger storage unit and
availability of biomass might become problematic, especially if large amount of biomass is
dried.
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Figure 22 Volume of the dried biomass in the storage in Scenario B (40% decrease in natural gas usage)
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A histogram of drying and dried biomass combustion duration is presented in the Figure 23.
Most of the drying and combustion are for short duration and the number of times decreases
exponentially as the duration of drying and combustion prolongs. The behavior is similar to
the corresponding scenario with the steam accumulator. The greatest difference is that the
drying case has higher number combustion periods than the accumulator case has
discharging periods. The number is higher especially for the short and long duration periods.
The difference in the short duration events results from the heat losses of the accumulator
and mostly the short charging periods are consumed to compensate the losses, while in the
drying case all the dried biomass can be combusted.

The dryer option has more long duration combustion periods, because the maximum
balancing capacity is limited to the maximum mass flow rate of the dried biomass to the
boiler, while the accumulator option is not limited by the maximum balancing capacity.
Therefore, the steam generation profile for the dryer option consists of periods, when the
natural gas boiler generates steam at the same time as the dried biomass is combusted.
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Figure 23 Histogram of drying and dried biomass combustion duration in Scenario B (40% decrease in natural gas usage)

As the moisture content of the outgoing biomass for Scenario B is almost the same as for the
Scenario A, the energy efficiency of the dryer system is also similar. The operational drying
time has increased significantly, but the operational behavior is not desirable for dryer,
because the usage is focuses on drying cycles that does not last long.

4.4.4 Scenario C results

In order to achieve 60% decrease in natural gas usage, 35.1 MW increase in the average
fluidized bed boiler fuel input is required. This leads to a fluidized bed boiler steam
generation profile (see Appendix 5 (3/3)) that is for the most part above the steam
consumption over a one year period, as it is in the corresponding steam accumulator option.
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The drying behavior is visible in Figure 24, in which the volume of the dried biomass in the
storage is plotted against the time. Biomass is dried almost continuously between May and
January with only few short combustion periods and one long shutdown. The combustion is
focuses on months from January to March, as a consequence of increase in steam
consumption. This kind of charge-discharge behavior is similar to the seasonal heat storages,
and it is even clearer than in the corresponding accumulator option.

The operational difference compared to the accumulator option is affected by the slightly
larger increase in the average fluidized bed boiler fuel input in the dryer case, which reduces
small discharging events. In addition, there are few periods when dryer is not used. These
periods are visible in Figure 24. They take place during fluidized bed boiler shutdowns,
because during shutdowns biomass based steam generation is not available. This along with
the fact that the accumulator can discharge stored steam during the fluidized bed boiler
shutdowns, also affects the operational difference between the dryer and the accumulator.
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Figure 24 Volume of the dried biomass in the storage in Scenario C (60% decrease in natural gas usage)

The storage has surplus dried biomass at the end of the investigated year. The surplus would
probably be combusted during April, before the next long drying period begins. However,
the surplus biomass indicates that the combustion rate of the dried biomass is limited by the
maximum balancing capacity of the dryer system. This is also visible in the steam generation
profile in Appendix 5 (3/3), in which the fluidized bed boiler output increase occurs
simultaneously with natural gas boiler usage.

Larger shares of the natural gas usage decrease would become more difficult to implement,
because surplus biomass would be accumulated into the storage. The energy efficiency
would decrease, because stored energy used for drying would not be utilized. Decreasing the
mass of the dried biomass is probably a more suitable option for the high natural gas usage
decrease, because the dried biomass would have lower moisture content, hence higher
increase in the fluidized bed boiler is possible. The combustion of the dried biomass could
be then completed in shorter time.
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Since the fluidized bed boiler steam generation exceeds steam consumption regularly, longer
drying periods compared to previous drying scenarios are expected. Histogram of the drying
and dried biomass combustion duration in Figure 25 reveals that shorter drying periods are
rarer and longer drying periods more frequent compared to the Scenario B. From the
viewpoint of the dryer operation, long constant usage is desirable. This also seems to be the
direction where the dryer operation is developing when the natural gas usage is decreased.
Total operating time of the dryer is 4488 hours, which corresponds to around 60% of the
fluidized bed boiler’s operational time. Maximum storage size is considerably larger than in
the previous dryer cases, because the dried biomass combustion is focused on one long
period.

The energy efficiency of the drying system in Scenario C is lower than in Scenario A and
Scenario B, because the moisture content of the outgoing biomass affects the heat needed to
evaporate a specific amount of water, as explained in Section 4.4.2. On the other hand, the
outgoing moisture content is determined by the available heat for drying.
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Figure 25 Histogram of the drying and dried biomass combustion duration in Scenario C (60% decrease in natural gas
usage)

4.4.5 Economic evaluation of the scenarios

Economic evaluation does not pay attention to investment costs of the accumulator or larger
boiler. It is entirely based on the annual fuel savings, which is divided in two components.
First, balancing unit generates steam instead of the natural gas boiler and second, fluidized
bed boiler’s increased steam generation directly replaces the use of natural gas.

The saving parameters and operational characteristics of the drying options for each scenario
are listed in Table 6. The cost of the generated heat is affected by the energy efficiency of
the balancing unit. The efficiencies of drying systems in Scenario A and Scenario B are
above 60%, which results in lower costs of the generated heat than the cost of generating
steam by the natural gas boiler. Instead, the cost of the generated heat (43.106/MWh)
becomes higher in Scenario C than the heat generated by natural gas boiler (42.51€/MWh),
which means that heat generation through the drying system is not cost-effective.
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Table 6 Savings and operational values of the dryer options for each scenario, where Scenario A corresponds to 20%,
Scenario B 40% and Scenario C 60% decrease in natural gas usage

Scenario A Scenario B Scenario C
Average fuel input increase (MW) 10,77 21,84 35,11
Drying system characteristics
- Epergy content increase of the (MWh/a) 345 4205 55984

biomass

- Operating time (h/a) 154 1318 4488
- Volume of the storage (m?) 2173 5722 157238
- Energy efficiency 0,604 0,604 0,541
- Cost of the generated heat (€/MWh) 38,60 38,65 43,10
Natural gas boiler
- Cost of the generated heat (€/MWh) 42,51 42,51 42,51
Annual savings
- Balancing unit usage (Eq. 16) (€/a) 1212 14 591 -13 461
- Direct fuel replacement (Eq. 17) (€/a) 1360479 2660310 3663013
- Total savings (Eq. 18) (€/a) 1361691 2674901 3649552

Figure 26 shows the balancing unit and direct fuel replacement savings. The balancing unit
savings are barely visible in the figure while the direct fuel savings dominate the total
savings. This occurs because the energy content increase of the dried biomass is low
compared to the overall increase in fluidized bed boiler steam generation. Furthermore, the
balancing unit savings cannot grow large even if the dried biomass energy content increased,
because the costs of the generated heat of the drying systems are close to the one generated
by the natural gas boiler. Annual balancing unit savings in Scenario A and Scenario B are
positive (1212€/a and 14591€/a, respectively) while in Scenario C the savings are negative.
Such small savings indicate that drying as a balancing method is not reasonable. However,
the direct fuel replacement savings are significant and similar to the corresponding steam
accumulator scenarios.

All scenarios assume that the fluidized bed boiler output can be increased without additional
investments other than fuel cost. Even in order to reach 20% decrease in natural gas usage,
fluidized bed boiler fuel input should be increased in average almost 11 MW, which might
not be possible for existing boiler. Therefore, additional investments for a new boiler are
probably required to successfully complete the fuel input increase. Including the additional
investment cost and the balancing system investment cost would decrease the cost-
effectiveness of the balancing system and proper economic evaluation should be conducted
using for example NPV, IRR or PBP.
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Figure 26 Savings components for the dryer options in each scenario, where Scenario A corresponds to 20%, Scenario B
40% and Scenario C 60% decrease in natural gas usage. Summing the components results in total savings

4.4.6 Summary of the results

Table 7 lists the operational values of the dryer systems in each scenario. The average fuel
input increase is similar to the values in corresponding scenarios utilizing steam
accumulator, because the energy content increase of the dried biomass and discharged steam
from the steam accumulator are low compared to the overall increase in fluidized bed boiler
steam generation.

The utilization of the dryer in Scenario A is rare and energy content increase of the biomass
is low. In Scenario B, the dryer is frequently utilized and it is turned on and off often. The
best operational behavior for the dryer is found in Scenario C, because the dryer is used
continuously for long periods of time.

Compared to the other scenarios, Scenario C has shortcomings in dryer system
characteristics. The dryer in Scenario C has the lowest energy efficiency. In addition, the
storage size is significantly larger than in Scenario A and Scenario B. However, the
maximum balancing capacity (maximum increase in the steam generation due to usage of
the balancing unit) is the highest for Scenario C because of the highest LHV of the dried
biomass.

As a result, the Scenario C offers the best operational behavior for the dryer and the highest
maximum balancing capacity. However, in terms of dryer system parameters such as energy
efficiency and storage size, Scenario C is not as good as dryer systems in Scenarios A and
Scenario B. Compared to the steam accumulator, dryer can offer smaller balancing unit size.
Otherwise, balancing unit characteristics are poorer than steam accumulator’s.
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Table 7 Operational values of the dryer system for each scenario, where Scenario A corresponds to 20%, Scenario B 40%

and Scenario C 60% decrease in natural gas usage

Operational value Scenario A | ScenarioB | Scenario C

Natural gas usage decrease (MWh) 79190 158381 237571

Average fuel input increase (MW) 10,77 21,84 35,11

Dryer

- Eirz)(:]i\g:ontent increase of the (MWh/a) 345 4205 25984

- Surface area (m?) 56,9 81,2 159,9

- Bed thickness (m) 0,25 0,25 0,25

- Residence time (s) 716 1022 2012

- Operational drying time (h/a) 154 1318 4488

- Energy efficiency of the Dryer system 0,604 0,604 0,541

Biomass

- Moisture content at the dryer inlet (% w.b.) 60 60 60

- Outgoing moisture content (% w.b.) 53,9 50,7 40,1

- LHV of the inlet biomass (MJ/kg) 6,136 6,136 6,136

- LHV of the outgoing biomass (MJ/kg) 7,440 8,122 10,398

- Maximum balancing capacity (MW) 4,03 5,74 10,14

- (Ij\/lass flow rate of the biomass to the (ke/s) 6.95 6,95 6.95
ryer

- Storage size (m3) 2173 5722 157238
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5 Hot water load balancing

This chapter presents potential improvements and limitations determined using hot water
tank heat storage and belt dryer options for utilizing excess hot water production in a paper
mill. Section 5.2 introduces the process layout used in the options. Section 5.3 presents the
methods and results of using hot water tank heat storage and Section 5.4 the belt dryer option
used in this chapter.

5.1 Process layout

During summer, excess heat is generated from the heat recovery system of the flue gas
scrubber, because hot water is not needed in the DH system (see Appendix 6). On the other
hand, during winter, hot water consumption increases due to increased DH load. The excess
heat can be used to balance seasonal fluctuation in the DH load with an additional balancing
unit rather than removing the heat out of the system.

The data was received from the paper mill and it includes daily average heat production by
the heat recovery system of the flue gas scrubber for one year. It is assumed that all the hot
water production of the heat recovery system is excess heat when the outdoor temperature is
above 10°C. This results in excess hot water production for around five months during a
year.

5.2 Utilization of the hot water tank heat storage

The hot water tank heat storage stores the excess hot water during summer and supplies the
water during winter, when hot water is needed. It can be also used for short term heat load
balancing, but in this option it is used for long term heat load balancing.

5.2.1 Methods

The hot water storage is modelled in a way that all the available excess hot water during
warm season is stored inside a steel tank. When the outdoor temperature decreases, more hot
water is needed and the storage releases stored hot water. The storage is connected directly
to the DH network, as described in Section 3.2.1. This kind of connection was chosen
because, the water from the heat recovery system can be directly led to the storage without
additional heat exchangers.

Figure 27 presents the mass flow rates of the storage tank and their corresponding
temperatures. The heat storage is modelled according to an ideal stratified model explained
in reference (18). The model assumes stratification between the hot and cold water at two
constant temperature zones divided by an infinitely thin thermocline. Only the volume of the
hot and cold zones changes, because the hot and cold water flows are equally large when the
storage is charged or discharged. Based on the energy balance of Figure 27, the change of
the height of the hot water zone can be defined as:

ax(t) _
dat

Appy(hrp — hre) e (hep — hee) — mp(hpr — hpe) — Q(8), (28)

where A, is the area of the bottom of the tank, py the density of water hot water, h the
enthalpy of water, d);—(tt) the change in height of the hot water zone, m. the mass flow rate of



49

water during charging, mp the mass flow rate of water during discharging, Q(t) the heat
loss term. Subscripts Ch is the inlet hot water, Dh the outlet hot water, Th the hot water
inside the tank, Dc the inlet cold water, Cc the outlet cold water and T ¢ the cold water inside
the tank.
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Ch Ph
mc mp
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Tr
T.Dc ‘ | TC [
mp mc
Tank

Figure 27 Mass and heat flows of the storage unit

In the model, the inlet water may enter at different temperatures. However, in this study the
temperature of the inlet water is assumed to be constant and the water temperature in the
zones of the tank are the same as the corresponding inlet water temperature. Equation (28)
then reduces to

dx(t) . .
Apppc(hn — he) == = mc(hp — he) —mp(hy — he) = Q, (29)

where subscripts h and ¢ denotes the hot and cold water, respectively. The enthalpy of the
water can be calculated using Equation (12) and the heat loss term using Equation (11). The
heat loss term comprises two parts, heat losses from the hot and the cold water zones.
According to the ideally stratified model, the heat loss term affects only the height of the hot
water zone (not the temperature of the zones). However, in order to retain the minimum hot
water height of zero meters, heat losses are compensated with additional heat when the
height would go below zero meters. The heat loss term is estimated in the same way as in
Section 4.3.1, using Equation (11).

The effective heat content of the charging and discharging flows are as follows,
DPorr = Merr(hy — he), (30)

where @, is the effective heat content and m, s the mass of the effective flow (charging
or discharging). The enthalpies of water are calculated using Equation (12).

Based on Equation (14), the energy efficiency of the storage is defined as:

Esto = T G

De+Paaa’
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where &4, is the energy efficiency of the hot water storage, @, the discharged heat, @, the
charged heat and @,,, the additional heat.

As the heat stored into the tank would be otherwise directed out of the DH system, there are
no cost of generating the heat. If the hot water is assumed to replace steam usage, the savings
depend on the cost of the generated heat as follows:

Stot = CmPp, (32)
where S;,; is the total savings, C,, the cost of the generated heat for marginal fuel and &,
the discharged heat from the storage.

Table 8 lists the initial values for the simulation and assumptions used in the model. The
temperature restrictions control the charging and discharging of the storage. The minimum
outdoor temperature for excess heat production describes the temperature above which the
outdoor temperature has to be for heat recovery system to produce excess heat. The
maximum outdoor temperature for discharging describes the temperature beneath which the
stored water can be discharged. It is set in order to time the discharging during the coldest
time of the year. The outdoor temperature is included in the received data and it is a daily
mean temperature. The hot and cold water temperatures are set based on the heat recovery
data.

Table 8 Initial values of the simulations and assumptions used in the model

Temperature restrictions
- Minimum outdoor temperature for excess heat .

production Q) 10
- Maximum outdoor temperature for discharging (°c) 0
Storage tank
- Length to diameter ratio 4
- Temperature of the hot water (°Q) 60
- Temperature of the cold water (°C) 30
- Overall heat transfer coefficient (W/m2K) 0.293
Water characteristics
- Specific heat capacity (MJ/kgK) | 0.00419
- Density (at 60 °C) (kg/m3) | 983.239
- Density (at 30 °C) (kg/m3) | 995.678
Economics
- Cost of the generated heat by biomass (€/MWh) 28.33
- Cost of the generated heat by natural gas (€/Mwh) | 42.51
Assumptions
Water is ideally stratified.
Water zone temperatures are the same as corresponding inlet flow
temperatures.
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5.2.2 Results

Based on the simulation, the average amount of excess heat in a day, tank size, heat losses
and charge/discharge rates are calculated. Figure 28 plots the dischargeable heat in the hot
water tank heat storage during the simulated year. As we can see, charging period is around
five months, during which the heat content increases steadily. However, during August and
September the storage is not charged for almost a month, because of the shutdown of the
fluidized bed boiler. There are also few short charging periods in the beginning and in the
end of the charging season, but most of the charging concentrates in one continuous charge.
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Figure 28 Dischargeable heat inside the storage tank over a year

From October to December heat content decreases steadily due to the heat losses. Few short
discharging periods occur in December, but almost all of the discharging takes place during
one long discharge in January, because the discharging is timed to occur during cold season.
Last discharge is done in early February, which means that the storage is unutilized for
around three months.

Because the excess heat is available in the summer, one large charge-discharge cycle is
completed in one year. Typically, this sort of seasonal heat storage has to be large in order
to contain all the heat. Table 9 lists the simulated operational values and savings from the
usage of the storage. As can be seen, storage volume is very large and unpractical to
implement as a steel tank. It might be difficult to find enough space even with multiple
smaller tanks. Moreover, heat losses would increase. According to the simulation, storing all
the excess hot water in a tank seems unpractical. If large cavern is available, storing all the
excess heat could be possible for the simulated case.

The energy efficiency is good for a seasonal heat storage. Fairly high efficiency is most
likely due to the usage of ideal stratification model and assumption of free convection model
for heat losses. In addition, the large size of the heat storage decreases heat losses. Outdoor
conditions such as wind might affect the heat losses. Some losses also occur when the storage
is charged and discharged.
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Table 9 Stratified hot water storage tank heat storage characteristics and savings in Case 2

Storage tank characteristics

- Heat generation (MWh) 7435
- Operating time (h) 3600
- Volume of the tank (m?3) 252022
- Dimensions (L x D) (m) 172,5x43,1
- Energy efficiency 0,746
- Maximum charge rate (MW) 6,3

- Maximum discharge rate (MW) 9,2
Annual total savings

- Marginal fuel: biomass (€) 173485
- Marginal fuel: natural gas (€) 316064

The economic evaluation depends on how the replaced fuel is generated. For example, in an
optimal case, discharged hot water replaces low pressure steam usage. For the simulated
case, total annual savings would be 170000 €, when the hot water replaces steam generated
by combusting biomass. If the marginal fuel was natural gas, the savings would almost
double. The discharged heat could also replace recovered heat, but then the savings would
be minimal.

Discharged water has low temperature, which restricts the potential usage of it. When the
storage is optimally used, it might be possible to replace back-pressure steam with hot water,
which might result in considerable savings. However, the overall cost-effectiveness of the
system depends on the investment and installation costs, which in the simulated case would
be large because of the large volume of the tank.

5.3 Utilization of the dryer

When low temperature water is produced, drying is preferably performed by utilizing it,
because steam is more valuable to the processes. Moreover, if excess low temperature water
1s produced, it can be utilized instead of directing the heat out of the system. In this section,
belt dryer is used to increase the energy content of biomass decreasing the dry mass flow
rate of the biomass to the boiler.

5.3.1 Methods

The drying system is connected to the DH network in a way that the water containing the
excess heat is led to the heat exchanger, where the heat is transferred to the air. Biomass is
dried in a belt dryer and led straight to the boiler. As a result of drying, less biomass during
the dryer operation is needed to achieve the same boiler output as without drying system.
The excess heat for drying is available only in the summer and during winter the recovered
heat is used in the DH network.

The dryer system has a same structure as the dryer system in Section 4.4.1, hence the same
model is used. Figure 19 describes the flows and their corresponding enthalpies for the dryer,
although for this case, the heat transfer fluid in the heat exchanger is hot water. Equations
(19)—(27) and (12) are applied in order to calculate dryer operating parameters. The amount
of saved biomass can be derived from Equation (26) by stetting the increased steam
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generation to zero. Savings are calculated according to the saved biomass and cost of the
marginal fuel:

Stot = Cfuel¢saveda (33)

where Sy, is the total savings, ¢fye; the cost of the marginal fuel and ®gg,¢q the saved fuel
input.

Table 10 summarizes the initial values for the simulation and the assumptions used in the
model. Minimum outdoor temperature for drying refers to the value above which the outdoor
temperature has to be in order to have excess hot water production. Inlet and outlet
temperatures of the heat exchanger are based on the temperatures of heat recovery water and
the best available estimations.

Table 10 Initial values for simulation and used assumptions for the model in dryer option of Case 2

Process values

- Minimum outside temperature for drying (°C) 10
- Initial mass flow rate of the moist biomass to the fluidized

bed boiler (ke/s) 6.95
- Boiler efficiency (natural gas and fluidized bed boiler) 0.9
Dryer
- Velocity of the air into the dryer (m/s) 0.75
- Bed thickness (m) 0.25
Biomass properties
- initial Moisture content of the biomass (% w.b.) 60
- Bulk density of moist biomass (kg/m3) 350
- LHV of dry biomass (MJ/kg) 19

Heat exchanger
- Temperature of the inlet air (°C) 15
- Temperature of the outlet air (°C) 50
- Temperature of the inlet water (°C) 60
- Temperature of the outlet water (°C) 28

Material properties

- Absolute humidity of the drying air at the inlet to the dryer (kgr20/kgd.a.) 0.005

- Specific heat capacity of dry air (MJ/kgK) 0.001007
- Density of dry air (kg/m?3) 1.0785
- Specific heat capacity of steam (MJ/kgK) 0.00187
- Specific heat capacity of water (MJ/kgK) 0.00418
Economics

- Cost biomass (€/MWh) 21

Assumptions
Dried biomass is combusted immediately after drying.

5.3.2 Results

Simulation was based on the excess heat production, which can be seen in Appendix 6. On
the basis of the available excess heat and given dryer parameters (Table 10), a new mass
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flow rate of biomass into the boiler was calculated along with other dryer parameters (see
Table 11). Comparing the new mass flow rate to the original one, amount of saved biomass
is calculated.

Figure 29 presents the cumulative mass of saved biomass for the simulated year. As can be
seen, utilization of the dryer spans over five months and concentrates on one continuous
drying period. Fluidized bed boiler shutdown interrupts the operation for around one month
in August and September. In terms of operation, this kind of continuous usage is desirable
for a belt dryer, because it is a continuous type of dryer. The utilization behavior of the dryer
is similar to the charging behavior of the hot water storage, because the excess heat
generation is the same for both cases.
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Figure 29 Cumulative mass of the saved biomass during the simulated year in Case 2

Table 11 tabulates the simulated operational parameters of the belt dryer along with the
savings. The dimensions of the dryer are feasible, but it should be remembered that the
operational parameters are estimated based on the average flow of the air during the
operation. In practice, the heat content of the excess water fluctuates, which changes
operating parameters of the dryer. As mentioned in Chapter 3, the most common control
parameter is the inlet air temperature. Residence time can also be changed, but most likely
the moisture content of the outlet biomass is allowed to fluctuate, because fluidized bed
boiler allows combustion of inhomogeneous particles.

The energy efficiency of the system is lower than the hot water storage’s and it could
decrease, if less biomass were combusted. However, drying increases steam generation,
which is more valuable than the hot water discharged from the heat storage. Moreover, the
utilization of the “discharged” heat from drying is not as limited as the discharged heat from
the heat storage.
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Table 11 Operational parameters of the dryer and annual savings in Case 2

Dryer

- Area (m?) 135,4
- Bed thickness (m) 0,25
- Operational drying time (h/a) 2640
- Residence time (s) 1826
- Used heat (MWh) 10193
- Energy efficiency 0,658
Biomass

- Initial moisture content (% w.b.) 60

- Outgoing moisture content (% w.b.) 51,2
- LHV of the dried biomass (MJ/kg) 8,02
- Mass flow rate decrease of the moist biomass (kg/s) 0,465
Results

- Saved moist biomass (ton/a) 4415
- Savings (€/a) 158027

Economic savings are related to the amount of saved biomass. The overall annual savings
are slightly less than the savings from hot water storage with biomass as a marginal fuel.
However, utilizing the dryer seems to bring considerable savings annually. Depending on
the investment and running costs (electricity usage) of the dryer system, it could be a cost-
effective solution to utilize excess hot water.

Technically, dried biomass could be stored without significant losses (some dry matter losses
occur due to the high final moisture content) instead of combusting it straight away, which
would give flexibility for the utilization. If the fluidized bed boiler output would be
increased, dried biomass combustion could replace natural gas based steam generation, in a
way that was studied in Case 1. The savings would increase, but more advanced controls of
the combusted biomass would also be needed.

5.4 Sensitivity analysis

Conducted sensitivity analysis aims to assess how the size of the hot water tank (m?) and
dryer (m?) change when a different outdoor temperature is used as design temperature (10°C
in the base case). The outdoor design temperature is the temperature above which the excess
hot water is assumed to be available. Changes in the temperature change the amount of
available excess heat affecting the size and economic savings of the balancing units. For
example, increasing the outdoor design temperature will reduce the charging that takes place
during the coldest possible charging days. These days are mostly in the beginning and in the
end of the charge cycle. For hot water tank, energy efficiency is also assessed.

Figure 30 a, b, and c present the volume, savings and the energy efficiency of the hot water
storage tank as a function of available excess heat, respectively. Each point is labeled with
the corresponding design temperature, above which excess heat is available. As we can see,
the volume of the tank and the savings in the heat storage correspond linearly to the amount
of available heat. Linear fit for the volume and the savings results in sensitivities of 25,6
m*MWh and 17,2 €/ MWHh, respectively.
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Comparing to the base case (outdoor design temperature of 10°C), one degree increase in
the outdoor design temperature would result in 14700 m? decrease in the volume and 8610€
decrease in the savings. The change occurs due to the decrease in the available excess heat.
The energy efficiency of the heat storage does not seem to act linearly, when the amount of
available excess heat changes, as can be seen in Figure 30c. The slight curvature occurs most
likely because the heat losses per volume does not remain constant when the volume is
changed. In addition, the available excess heat does not remain constant for each day, which
affects the sensitivity of the presented operational values.
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Figure 30 Sensitivities of the volume, savings and energy efficiency of the hot water storage tank over available excess
heat. Labels denote the outdoor design temperature used to calculate the values in the figure

Figure 31 a and b plot the surface area of the dryer and savings, as a function of available
excess heat, respectively. Surface area does not have a linear dependence on the utilized
heat, but rather a polynomial. Figure 31 a suggests that the dryer are does not increase much
when there is large amount of available excess heat. This occurs probably because of the
variations in the excess heat generation and because the excess heat generation during one
day affect the average amount of excess heat more when the overall amount of utilized heat
is low than when it is large. The savings depend on linearly on the available heat. According
to the linear fit, the sensitivity for savings is 16,8 €/ MWh.
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6 Phase change material energy storage

This chapter presents potential improvements and limitations of heat storage characteristics
in Case 1 and Case 2 when PCM energy storage is used. Section 6.1. introduces the
characteristics of PCM energy storages and defines the assessed PCM properties in this
chapter. Section 6.2. describes the methods and results of using PCM energy storage in Case
1 and Section 6.3 the PCM energy storage used in Case 2.

6.1 Storage characteristics

Past years, research on PCMs in thermal energy systems has been increasing due to growing
need for sustainable energy systems. Thermal energy storage is an important component of
a modern strategy for future energy systems. For example, PCM energy storages have
applications in concentrating solar power plants and in DH systems. (26).

PCMs in thermal energy systems are found in various applications such as building heating,
water heating/cooling and solar energy storage (26). Most of the PCM energy storages can
be divided in two categories by the vessel type. In a compact system, vessel with an
embedded heat exchanger is filled with the PCM, and typically water is used as a heat
transfer fluid. In an encapsulated system, small containers are used to contain the PCM and
the heat transfer fluid flows over them.(27).

In order to successfully implement PCM energy storage, PCM should have desirable
properties. Figure 302 lists some of the desirable properties of a PCM according to (Sharma
et.al). There are a large variety of PCMs that have phase-transitions in any given temperature
range, but none of them have all the required properties. Actually, majority of PCMs does
not fulfill the criteria required for a satisfactory storage material.(28).

Thermal Properties: ) ) A
) L Chemical Properties:
*  Suitable phase-transition temperature ) .
. . Long-term chemical stability
. High latent heat - . ) .
. e . . Compatability with construction materials
. High specific heat capacity .
. Non-toxic
. Good heat transfer
4
f AY N\
Physical Properties: Kinetic Properties: Economics:
. High density . Minimal supercooling . Easily available
. Small volume change . Sufficient crystallation rate . Cost-effective
S

. Low vapor pressure

Fi’gure 302 Some of the desirable propefﬁ'esfor PCM (28)

One of the main disadvantages of PCMs is their poor thermal conductivity typically ranging
from 0,2 to 0,7 W/mK. It can limit the heat transfer between PCM and heat transfer fluid so
strongly that the heat transfer has to be enhanced with for example metal matrices,
nanoparticles or arranging direct contact between heat transfer fluid and PCM. For a compact
storage system, heat transfer limitations can be overcome by implementing large array of
tubes, instead of using complex heat exchanging geometries. This method is especially
practical for process heating applications. (27).
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On the other hand, the advantage of the PCMs is their large specific storage capacity caused
by the latent heat. It can be 5 to 14 times greater than the capacity of sensible heat storage
materials such as water or rock. However, chosen temperature range affects the storage
capacities when PCMs are compared to the sensible heat storage materials. Other properties
should also be accounted when choosing a PCM, especially economics and availability of
the PCM.(28).

Based on the data from the mill and results of implementing heat load balancing units,
benefits and limitations of PCM energy storage in the mill environment can be defined. The
focus will be on three key PCM properties:

1. Phase-transition temperature

2. Latent heat and

3. Heat transfer rate

6.2 Steam load balancing

The process parameters define the temperature level in which PCM should have the phase-
transition. In Case 1, steam accumulator is used to balance the steam load. In order to provide
sufficient balancing capacity, PCM energy storage should be able to discharge steam. The
pressure levels in the mill are 2.2, 4.7, 10.5 and 80-82 bars and the corresponding saturation
temperatures are 123°C, 150°C, 180°C and 295°C. For process heat purposes, the phase
transition temperature range becomes 123°C-180°C.

Since both the storage material (PCM) and the heat transfer fluid change phases, charging
and discharging at the same pressure level is problematic. Therefore, an adequate operation
of the storage is secured by connecting the storage between two different pressure levels,
such as 5 and 2 bars. The charging steam is provided at the pressure level of 5 bars. During
the discharge, saturated water at pressure level of 2 bars is led to the storage and evaporated
due to the released latent heat. This would also provide flexibility in choosing of a PCM,
because wider phase-transition temperature range is applicable for the storage.

Table 12 tabulates some PCMs that have phase-transition temperature between 123°C and
150°C. At present, interest is directed to metal nitrates, nitrites and their mixtures for storage
systems using saturated steam (29). However, several organic PCMs are also found at the
feasible temperature range.

Since volume of the storage is more restricting factor than weight, energy density can be
used to characterize PCMs instead of latent heat. It describes the heat content that can be
stored in a specific volume of material. The values tabulated in the table are the energy
densities when the temperature of the material changes from 123°C to 150°C. Based on it,
specific storage capacity can be estimated, when the ratio of volume of storage material and
vessel i1s known. Ratio of 0,95 is used and it is based on a compact PCM energy storage
system in reference (30).
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Table 12 Some PCMs and their properties for process heat applications. From left to right: phase transition temperature,
latent heat, specific heat capacity (I for liquid and s for solid), thermal conductivity (I for liquid and s for solid), solid
density, energy density from 123°C to 150°C and specific storage capacity from 123°C to 150°C. * denotes a mass fraction

of the compound. (27)

Compound Tt L Cps Cpl As A Ps Eden,123°c-150°c  Esto,123°c-150°C
°C ki/kg ki/kgk ki/kgk W/mK W/mK kg/m3 kwWh/m?3 kwh/m?3
Organic:
Erythritol 117 340 2,25 2,61 0,73 0,33 1450
Urea 134 250 1,8 2,11 0,8 0,6 1320 111,3 105,7
Maleic acid 141 385 1,17 2,08 1590 187,6 178,2
Non-organic:
LiINO3—NaNO3;—KNO3
(30-18-52)* 123 140 1,17 1,44 0,79 0,53 2068 102,8 97,6
KNOs—NaNO;
141 7 1,1 1,74 7 7 1994 74,2 7
(56-44)* 9 ,18 , 0,73 0,5 99 , 0,5
KNO3—NaNO;,-NaNOs;
(53-40-7)* 142 80 1,30 1,57 0,51 0,49 1980 64.5 61.3
KNO,—NaNO3
14 124 1 1 2 2 4
(48-52)* 9 ,05 ,63 0,58 0,5 080 88, 83,9
KNO3—NaNO3
(55-45)* 222 110 1.01 1.49 0.73 0.51 2028

Table 13 lists requirements storage characteristics of steam accumulator and required values
in Scenario B in Case 1. In addition, an example of PCM energy storage is included in the
table. PCM energy storage should fulfill the required values in order to be applicable in
Scenario B. The required values and steam accumulator characteristics are based on the
simulations and results in Section 4.3. Comparing specific storage capacities listed in Table
12, to the one of steam accumulator’s, we can see that PCM storages have from 1.2 to 3.5
times larger specific storage capacities than the steam accumulator.

In contrast to Scenario B, if the steam accumulator in the Scenario C (volume of 118413 m3)
would be replaced with a PCM storage that has a volume of 10000 m3, the specific storage
capacity of the PCM should be around 12 times more than the accumulator has. Such a
capacity is unlikely to be found among the PCM energy storages.

Table 13 Operational characteristics of the steam accumulator and an example PCM energy storage for Scenario B. Table
also includes some required operational characteristics that heat storage should fulfill

Required Steam KNOs-NANO;
values accumulator storage

Volume of the tank (m3) - 10775 7690
Specific storage capacity (kWh/m3) - 50.3 70.5
M‘aX|mum balancing capacity (MW) 778 184.4 76.9
(discharge)
Maximum balancing capacity (MW) 19.4 i i
(charge)

The maximum balancing capacity describes the maximum heat transfer rate between the
storage material and heat transfer fluid during discharging or charging. Technically, PCM
storage with smaller maximum balancing capacity than required during discharge in Table
13 is possible to implement, because the required values are based on the assumption that
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heat is discharged as fast as possible. On the other hand, the maximum balancing capacity
during charge should be fulfilled.

As an example, we can estimate characteristics of the KNO3-NANO; based PCM energy
storage system for Scenario B. Based on the specific storage capacity, the volume of the
PCM storage becomes 7690 m> and the required volume specific discharge rate becomes 9.5
kW/m>. The volume specific discharge rate describes the maximum output that the storage
can generate per cubic meter of storage. For PCM storages, it depends on parameters such
as heat exchanger characteristics and PCM properties.

Steinmann et. Al. estimated an hourly average thermal output of 55 kW/m? for a pure KNO;-
NaNOs storage (31). Figure 313 shows the relation of the heat exchanger piping and effective
thermal heat conductivity of the KNO3-NaNOs to the time averaged thermal power (volume
specific discharge rate) of the storage. Based on it and values listed in Table 12, the volume
specific discharge rate for KNO3-NANO; storage is estimated to be around 10 kW/m?>. Apart
from phase-transition temperature, KNO3;-NaNO; and KNO3-NANO; have similar
properties, as can be seen in Table 12.

The estimated discharge rate of the PCM storage is around the same the required maximum
balancing capacity during discharge. It is a rough estimation, but it shows that thermal
conductivity is an important factor, when sizing a PCM storage for process heat purposes.
Especially for PCM storages with large specific storage capacity, a large heat transfer surface
between the heat transfer fluid and PCM is needed.
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Figure 313 Volume specific thermal output of a NaNO3 - KNO3 storage with parallel-pipe heat exchanger for different
effective heat conductivities of the PCM. Temperature difference between PCM and heat transfer fluid is 10 °C and outer
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6.3 Hot water load balancing

In Case 2, the excess hot water is available at a temperature level of around 60°C. In reality,
the temperature varies throughout the year depending on the recovered heat from the flue
gas scrubber. If we assume a constant excess water temperature of 60°C, the PCM should
have a phase-transition temperature below it. Table 14 lists some PCMs that have phase-
transition temperature in applicable region. The energy densities have been calculated in a
same manner as in Table 12, except the temperature change for energy density is from 30°C
to 60°C. The cold temperature is chosen based on the simulations in Case 2.

Table 14 PCMs and their properties for low temperature storage. From left to right: phase transition temperature, latent
heat, specific heat capacity (s for solid and [ for liquid), thermal conductivity (s for solid and [ for liquid), solid density,
energy density from 30°C to 60°C and specific storage capacity from 30°C to 60°C. (27). * refers to ref. (32)

Compound Tt L Cps Cpl As A Ps Eden, 30°c-60°c  Esto,30°c - 60°c
°C  ki/kg ki/kgk kl/kgk W/mK W/mK kg/m?3 kWh/m?3 kWh/m3

Organic:
Lauric acid 44 212 2,02 215 022 0,15 1007 76,8 73,0
Stearic acid 54 157 1,76 2,27 0,29 0,17 940 55,6 52,8
- Paraffins:

- P116-Vax* 47 209 2,89 2,89 0,14 0,28 786 64,6 61,3

- RT 55* 55 172 2 0,2 0,2 880 56,7 53,9
Non-organic:
Mg(NOs); -(H20)s NHsNOs | 52 125 2,13 2,67 0,59 0,5 1672 89,7 85,3
Sodium acetate trihydrate | 58 266 1,68 2,37 0,43 0,34 1450 128,0 121,6

Table 15 lists simulated storage characteristics of the hot water storage. The specific storage
capacity of the PCM storages are clearly larger than the hot water storage’s. The listed
specific storage capacities are from 1.5 to 3.5 times larger than hot water tank storage’s.
Therefore, the volume of the PCM storage could be considerably smaller than the volume of
the hot water tank. The maximum balancing capacity of the hot water tank storage depends
on the heat exchanger arrangement, which is not included in this study. However, the
required values should be fulfilled in order to result in a simulated operation in Case 2.

Table 15 Required operational characteristics for operation and simulated characteristics of the hot water tank storage in
Case 2. Example characteristics of a PCM energy storage in Case 2 are also included

Required Hot water tank Paraffin
values storage storage
(P116-Vax)

Volume of the tank m3 - 252022 191247
Specific storage capacity kWh/m? - 34.3 45.2
M§X|mum balancing capacity MW 9 669
(discharge)
Maximum balancing capacity MW 6.3 i
(charge)

Medrano et. Al. measured paraffin energy storage system characteristics with different heat
exchangers setups. According to their graphs, the volume specific discharge rate is around
3.5 kW/m? for a setup with single pipe surrounded by the paraffin where the temperature
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difference between the PCM and heat transfer fluid is 10°C. The ratio of PCM volume to
tank volume is around 0.7.(33).

From existing PCMs, paraffin (P116-Vax) based storage could decrease the size of the
storage to 75% of the size of hot water storage with the volume ratio of 0.7. The required
volume specific discharge rate is 0.048 kW/m>. The value is based on daily average
discharge rate from the storage and it is small due to the large size of the storage. The volume
specific discharge rate of the pure paraffin seems to be enough to provide daily average heat
load, because of the very large size of the storage. However, larger discharge rates occur in
shorter intervals requiring larger discharge rates.

To summarize, applicable PCMs exists in the required temperature ranges of 123°C-180°C
(process heat) and around 60°C (heat recovery). The existing PCMs can provide larger
energy densities than heat storages that rely on sensible heat. As an example, for PCM
storages utilizing steam and hot water, volume of the storage was shown to decrease to
around 70% and 75% of the initial storage size, respectively. Larger decreases are possible,
since the specific storage capacities of the reviewed PCMs vary mainly between 60 and 100
kWh/m>. The effective thermal conductivity of the PCM can limit the hourly discharge rate
of the storage, especially when the size of the PCM storage is small. It also depends on the
heat exchanger arrangement, but in order to increase specific storage capacity while securing
the heat transfer rate, effective thermal conductivity of pure PCM storage should be
enhanced.
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7 Conclusions

This study has simulated utilization of thermal energy storage and drying units for heat load
balancing in two cases. Both technical feasibility and economic savings has been evaluated
in both cases. Case 1 uses steam accumulator and belt dryer options for steam load balancing
in three scenarios. Case 2 uses hot water tank storage and belt dryer options for utilization
of excess hot water. In addition, utilization of the PCM energy storage is compared to the
heat storages studied in Case 1 and Case 2.

In Case 1, scenario B (40% decrease in natural gas usage) seems to be the most feasible
scenario for steam accumulator. The operation of the accumulator is frequent in the scenario
and the charge-discharge cycles are not long providing a high energy efficiency.
Furthermore, the regular usage keeps the size of the accumulator within the sizes of existing
storage tanks. In comparison, the accumulator is rarely used in Scenario A (20% decrease in
natural gas usage) and the accumulator volume grows large in Scenario C (60% decrease in
natural gas usage). Scenario C have better savings from accumulator usage than Scenario B.
However, due to large size of the accumulator in Scenario C, Scenario B is easier to
implement. In addition, investment cost becomes higher in Scenario C.

Steam accumulators offer more feasible option for balancing the heat load than belt dryers
in Case 1. In the dryer option, the maximum capacity of the heat load balancing is less than
in the accumulator option. Furthermore, it restricts the combustion of the dried biomass,
when large share of natural gas is replaced with biomass (Scenario C). In addition, operation
of the dryer is not optimal, since the dryer has frequently short term usage in every scenario.
However, the dryer option can provide smaller balancing unit size compared to the steam
accumulator option. Economic savings in the dryer option mainly result from replacing
natural gas resulting in lower savings than in the accumulator option.

In Case 2, the dryer option provides better operational characteristics for utilizing excess hot
water than the hot water tank storage. Continuous utilization of the balancing unit suits well
for belt dryer and the dryer size does not grow too large to implement. On the other hand,
the size of the tank in the hot water tank storage option grows large resulting in an unpractical
installation. The Dryer option offers considerable annual savings (0.158M€), but they are
slightly lower than those of hot water tank storage (0.173M€).

Currently used PCMs can decrease the size of the thermal energy storages used in Case 1
and Case 2 because PCM storages can have larger specific storage capacities than studied
thermal energy storages. However, hourly charge and discharge rates of the PCM storages
need to improve in order to achieve smaller size than the steam accumulator in Scenario B
in Case 1. The estimated discharge rate of the PCM storage in the Scenario B is practically
the same as the needed discharge rate. However, in order to secure proper steam supply for
intra-hour steam load balancing, PCM storage should have larger discharge rate.
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Steam generation profile and outdoor temperature at the mill
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Approximation of the overall heat transfer coefficient

The tank for steam accumulator is cylindrical shape and lies horizontally. It is made from
steel and covered in one layer of insulation. The temperature of the inner surface of the steel
tank is assumed to be the same as the temperature of the water inside the vessel. Therefore,
the term including the heat transfer between water and steel is neglected. The overall heat
transfer coefficient is estimated for a pipe (cylinder without top and bottom plate), and in
this estimation it becomes as follows,

Mo g (S) + m(2) + 1)

k 21 dg 2mA; dg ndial-’

where k is the overall heat transfer coefficient (W/m?K), A is the heat conductivity of the
steel, d, is the inner diameter of the vessel, d; is the outer diameter of the steel vessel, 4; is
the heat conductivity of the insulation, d; is the outer diameter of the insulation layer and «;
is the heat transfer coefficient between the insulation and air.

The heat transfer coefficient between insulation and air is estimated as a sum of natural
convection and radiative heat transfer coefficients:

i = Acony + Araq, (2)

where a.,n,, 1S the convective heat transfer coefficient and a,.,4 is the radiative heat transfer
coefficient. For natural convection, the heat transfer coefficient is 5-20 W/m?°C (15). In this
study the value of 20 W/m?°C is used. However, if the tank is placed outdoor, outdoor
conditions such as wind affect the heat transfer coefficient.

Radiative heat transfer coefficient, a,,4, is approximated with the following equation,
Oraa = SO-(TSZ + Tozut) (Ts + Toue)> (34)

where ¢ is emissivity factor of the surface, o is Boltzmann constant, T is the temperature of
the radiative surface and T,,,,; is the temperature of the surface receiving the radiation. In this
estimation, T, is assumed to be the average outdoor temperature.

The tank for hot water tank heat storage lies vertically. It is made from steel and covered in
one layer of insulation. The temperature of the inner surface of the steel tank is assumed to
be the same as the temperature of the water inside the vessel. Consequently, the overall heat
transfer coefficient for hot water tank can be estimated as follows,

1 Ss Si 1

PRI M )

where s; is the thickness of the steel and s; is the thickness of the insulation. Otherwise, the
overall heat transfer coefficient is calculated in the same way as for the horizontal tank.

Table 1 lists the parameters used for estimation and the values of overall heat transfer
coefficients used in this study.
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Table 1 Initial values for calculating overall heat transfer coefficient for steam accumulator and hot water tank storage.

Table includes the values of approximated overall heat transfer coefficients

Steam Hot water tank
accumulator heat storage
Outdoor temperature (K) 280 280
Boltzmann constant (W/mZK) 5.67*10°% 5.67*10°®
Tank characteristics:
- Surface Temperature of insulation (K) 281 283
- Temperature of the water inside the tank (K) 427 318
- Diameter of the tank (m) 20 -
- Thickness of steel (m) 0.1 0.1
- Thickness of mineral wool (m) 0.2 0.15
- Convective heat transfer coefficient (W/m?3K) 20 20
Material Properties:
- Thermal conductivity of steel (W/mK) 52 52
- Thermal conductivity of mineral wool (W/mK) 0.046 0.046
- Emissivity factor of the radiative surface
Overall heat transfer coefficient (W/m?3K) 0.226 0.293
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Steam generation and consumption profiles for steam
accumulator options in Case 1

Scenario A (20% decrease in natural gas usage)
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Scenario B (40% decrease in natural gas usage)
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Scenario C (60% decrease in natural gas usage)
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Experimental drying curves of bark (ref. (15))
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Steam generation and consumption profiles for belt dryer options
in Case 1

Scenario A (20% decrease in natural gas usage)
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Scenario B (40% decrease in natural gas usage)

Steam consumption

I Dry biomass
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Scenario C (60% decrease in natural gas usage)

Steam consumption
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Daily average heat recovery rate from the flue gas scrubber
during excess heat production over one year period
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