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INTRODUCTION

Formulation of the Problem

In Europe, 64 % of energy consumption in households is used for space heating and
preparation of hot water (Eurostat, 2018). In Latvia and other northern countries, heating
needs have a seasonal nature which traditionally has been provided by using large thermal and
cogeneration plants for base load and smaller systems for peak loads. To combat climate
change, a transition from fossil fuels has mainly gone in the direction of using more biomass.
However, with increasing attention to emission problems, biomass is not seen as ideal RES.
Meanwhile, the development of solar thermal (ST) market has been slowing down not only in
Latvia but also in all of Europe (European Solar Thermal Industry Federation, 2017).

In northern parts of Europe, ST systems are usually built as combi systems that provide
hot water and heating. Additionally, there is an auxiliary heat source for periods without solar
radiation. The solar fraction — a share of thermal energy which is produced with solar energy
from the total required heating energy, of such systems, is in the range of 15-30 %. Low solar
fraction and lack of space have been the main limiting factors for installation of ST systems.
Availability of high-density thermal storage has been noted as one of the requirements for
broader market diffusion of ST technology. (Weiss & Biermayr, 2008)

Higher density can be obtained by using non-sensible heat storage mediums such as phase
change materials (PCMs) in latent thermal energy storage (LTES) systems. LTES have been
found to increase energy density by up to 4 times (Bourne & Novoselac, 2015). However,
most of the studies have been on the small scale experimental systems that do not take into
account variability of solar energy in annual time periods and there is no methodology for
choosing a melting point, PCM/water ratios or any other aspects (Reddy, Mudgal, & Mallick,
2018). Therefore, the usefulness of PCM use in ST systems is not clear.

Relevance of the Thesis

To reduce the emissions for the production of primary energy, Directive 2009/28/EC and
following Directive 2018/2001 focuses on the promotion of the use of energy from renewable
sources. In Latvia, in recent years the share of heat produced from RES has increased. RES
comprises the use of firewood, wood residues, wood chips, pellets and briquettes and straw

(Fig. 1).
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Fig. 1. Heat produced in Latvia from renewable and fossil fuels (Central Statistical Bureau of
Latvia, 2019).

Burning these RES fuels result in air emissions. This is where Latvia’s stride for more use
of local RES encounters new problems, mainly in the form of solid particle matter (PM)
emissions from burning biomass, which was not a problem with the use of natural gas, which
has led to new Directives — 2015/1189, 2016/2284 and others, to combat emissions. PM
emissions are a problem for Latvia, and it faces possible fines from the European
Commission. Poor air quality places Latvia as the 3rd highest in the number of healthy years
lost due to air pollution in Europe. (Niemenmaa et al., 2018)

To tackle these issues cleaner form of RES, such as solar energy, can be used. Limiting
factors for ST installations include low prices of fossil fuels, lack of skilled human resources,
political awareness, and the main factor is the availability of space and connecting factor of
availability of key components like thermal storage with high energy density. (Weiss &
Biermayr, 2008)

The global ST energy has a significant contribution in reducing global greenhouse gas
emissions. Global ST yield in 2018 corresponded to savings of 42.6 million tons of oil and
137.5 million tons of CO,. Until 2015, ST was the leading RES technology in terms of
cumulated installed capacity in operation, when it was overtaken by wind and in 2018 by PV.
That and the fact that the global growth rate of ST market has been decreasing indicates that
the new technology could help to continue the growth of technologies that provide energy and
avoid CO; emissions during operation. (Weiss & Spork-Dur, 2019)

The Object of Research

The object of research is a thermodynamic system of thermal storage with phase change
materials.



The Aim of the Thesis

The aim of the Thesis is to evaluate the application of PCMs in thermal storage in order to
increase solar fraction and solar collector efficiency.

The Tasks of the Thesis

In order to achieve the aim of the Thesis, the following objectives were set:

1. To carry out research analysis on solar thermal collector systems and phase change
materials in order to design experimental set-up to be built within the laboratory and
lead the installation of the system.

2. To carry out research analysis and experiments in order to obtain data for
mathematical model validation.

3. To develop a short-term simulation model for a thermal energy storage tank and
validate it with the obtained experimental data.

4. To develop a long-term simulation model of solar domestic heating system and
evaluate PCM use in a domestic solar thermal system with thermal storage.

The Research Methods

In the Thesis, the following analytical applied research methods were used: literature
analysis, experimental analysis, thermodynamic analysis, sensitivity analysis and optimization
analysis. The COMSOL and TRNSYS software were used for simulations.

Scientific Novelty of the Thesis

The findings within the Thesis have provided new information within the field of energy
storage about application of PCM within domestic solar thermal systems. The novel concept
of stratified PCM use in thermal storage has been developed and evaluated in real system
settings.

Practical Value of the Research Findings

PCM use within thermal storage has been one of the most promising ways to increase
energy density and remove limiting factors that slow the increase of solar thermal systems and
their solar fraction. Variability of solar energy adds an uncertainty of usefulness of PCM use
due to their working principle — PCM material must change phase to provide benefits over
sensible heat systems. In combination of other possible variables in system design, research
was necessary to advance closer to bringing LTES to the market.

The testing facility designed and built within the Thesis provides a possibility to test new
designs and obtain much needed experimental data for validating mathematical models. The
complexity of fluid dynamics in combination with phase change increase uncertainty of



mathematical models, therefore, experimental validation is an important part of developing
new designs, which this system will be able to provide in further research.

Most of the existing research consists of experimental small-scale set-ups and research in
approaches in describing the physical processes. Within this Thesis, it was decided that
experimental set-up needs to be real scale to ensure new scientific information. The system is
built at a scale of domestic solar heating set-up for a small family house. This reduces the
uncertainty from scaling up systems with complex heat transfer processes, therefore it
provides a better platform for validating mathematical models.

Simulations are carried out both in the short term for validation purposes and in the long
term (annual) to obtain results of PCM use in real case scenarios. PCM is still in a
development phase, where thermophysical properties of materials are improved and
investigated. Sensitivity analysis is carried out and the parameters that have the highest
impact of solar fraction and solar collector efficiency are defined.

A method for finding the suitable melting point of PCM based on temperature frequency
graph for specific cases was developed. This methodology can be used by manufacturers to
determine more frequent temperatures in the tank and if there are enough temperature
variations above and below the melting point to promote phase change. Additional
methodology is provided for choosing suitable materials in contact and PCM density.

Approval of the Findings

6 scientific articles have been published on the topic of the Thesis which are indexed in
SCOPUS database:

- Jansone, D., Dzikevics, M., & Veidenbergs, I. (2018). Determination of
thermophysical properties of phase change materials using T-history method. Energy
Procedia, 147, 488-494. doi:10.1016/j.egypro.2018.07.057

- Dazikevics, M., Ansone, A., & Veidenbergs, 1. (2017). Experimental investigation of
flow rate impact on thermal accumulation system with PCM. Energy Procedia,
128, 386-392. doi:10.1016/j.egypro.2017.09.043

- Dazikevics, M., Kirsanovs, V., Blumberga, D., & Veidenbergs, 1. (2017). Design of
experimental investigation about the effects of flow rate and PCM placement on
thermal accumulation. Energy Procedia, 113, 58—62.
doi:10.1016/j.egypro.2017.04.014

- Dazikevics, M., Ansone, A., & Blumberga, D. (2016). Modelling of phase change in
spheres for applications in solar thermal heat storage systems. FEnergy
Procedia, 95, 112—118. doi:10.1016/j.egypro.2016.09.031

- Dzikevics, M., Blumberga, A., & Blumberga, D. (2015). Conceptual design of
experimental solar heat accumulation system with phase change materials. Agronomy
Research, 13(2), 477-484. ISSN 1406-894X.

- Dazikevics, M., & Zandeckis, A. (2015). Mathematical model of packed bed solar
thermal energy storage simulation. Energy Procedia, 72, 95-102.
doi:10.1016/j.egypro.2015.06.014



The results of the Thesis were presented in 6 conferences:

International Scientific Conference on Environmental and Climate Technologies,
CONECT, 2018, Riga, Latvia.

International Scientific Conference on Environmental and Climate Technologies,
CONECT, 2017, Riga, Latvia.

International Scientific Conference on Environmental and Climate Technologies,
CONECT, 2016, Riga, Latvia.

International Conference on Biosystems Engineering, 2015, Tartu, Estonia.
International Scientific Conference on Environmental and Climate Technologies,
CONECT, 2015, Riga, Latvia.

International Scientific Conference on Environmental and Climate Technologies,
CONECT, 2014, Riga, Latvia.



1. EXISTING RESEARCH IN USE OF PCM IN THERMAL
STORAGE

The potential to store more energy has led to increased research in latent thermal storage
systems from around 100 publications in the year 2000 to around 1000 publications per year
in 2017 (Calderén et al., 2019). Use of PCMs has been researched for different applications —
in buildings for cooling and heating and to lower temperature fluctuations (Buttitta, Serale, &
Cascone, 2015; Cabeza, Castell, Barreneche, De Gracia, & Fernandez, 2011; Lin, Jia, Alva, &
Fang, 2017) and help in thermal management of buildings, which is a focal topic in building
sector (Albatayneh, Alterman, Page, & Moghtaderi, 2017), storage tanks (Buttitta et al.,
2015), solar energy storage (Ansone, Dzikevics, & Zandeckis, 2016), textile (Sarier & Onder,
2012), and others. Underlaying all the applications have been the research of thermal
properties of PCMs — to increase thermal conductivity, reduce the separation of phases,
reduce supercooling and find materials with high latent heat of fusion (Barreneche, Navarro,
Cabeza, & Fernandez, 2015).

Within this Thesis, the packed bed system where capsulated PCM is used that is placed in
the tank. Packed bed means that containers are not fixed in position. It is chosen with the
intent that realizing packed bed is a simpler solution than fixing containers, especially if PCM
could be used as a refurbishment of existing sensible heat thermal storage tanks. Capsulation
can increase heat transfer between PCM and heat transfer fluid (HTF), increase mechanical
stability, which ensures stable phase transition for longer lifetime and also increases
compatibility between PCM and HTF. Core to shell ratio was found to be a parameter that can
be optimized to produce a container that is strong enough for application but has maximum
possible amount of PCM in it. Naturally, materials with higher thermal conductivity, such as
metals, are good in relation to heat transfer, however, organic PCMs can also be combined
with materials such as Silica, which exhibits high mechanical strength, high thermal
conductivity and acts as a good diffusion barrier. (Salunkhe & Shembekar, 2012)

The cost of the PCMs has been a limiting factor for wider application. The pricing in the
Thesis is obtained in procurement procedures during the development of the laboratory
facility. The price of the PCM was found to be in the range from 3.2 EUR/kg up to 43
EUR/kg. The cost depends on the amount of order — minimum order of 1 t is required in most
cases to obtain a price without increased cost; container type — slabs commonly used in
refrigeration cost less while spheres and smaller size containers that are harder to manufacture
cost more; material of container — HDPE is cheaper since it can be moulded while it has good
compatibility with many PCMs it has poor thermal properties and relatively low strength
means that thick walls are used. Metals are more expensive but provide better thermal and
strength properties, however, they can also have problems with compatibility with corrosive
PCMs.

In mathematical simulations to analyse thermodynamic processes in TES systems, two
main approaches exist — computational fluid dynamics for specific property analysis and
transient (dynamic) modelling for long term analysis. TRNSYS software is often used in
simulations of TES and in some cases TES with PCM (Baldwin & Cruickshank, 2016;
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Belmonte, Eguia, Molina, Almendros-Ibafiez, & Salgado, 2015; Driick & habil Miiller-
Steinhagen Pfaffenwaldring, 2006; Najafian, Haghighat, & Moreau, 2015; Terziotti, Sweet, &
McLeskey, 2012), therefore it was chosen as the simulation tool for this Thesis.

Most of the literature deals with describing small scale systems to analyse specific
processes of using PCM and there is no definitive answer if PCM can be used in SDHW
system and provide improvements as reduced consumption of auxiliary heating and increased
solar fraction. Therefore, that was set as the aim of this Thesis.
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2. EXPERIMENTAL RESEARCH AND VALIDATION

The experimental system was designed by the author and built in the laboratory of
Institute of Energy Systems and Environment, Riga Technical University, consisting of
multiple solar collectors, hydraulic system, control and experimental storage tank. The
hydraulic system has two ways of simulating loads — by use of cold water and of roof cooler.
The part used in the experimental research is illustrated in Fig. 2.1. The main component is
the experimental tank (ET) that has a volume of 353 litres and removable top lid for the
possibility to insert PCM and heat exchangers (HEX). Temperature measurement system
consists of sensors placed vertically in the tank to obtain temperature within the tank,
temperature at inlet and outlet, room temperature and temperature in PCM container.
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Fig. 2.1. Diagram for cooling experiments with cold water.

The PCM used in experimental research is organic, with latent heat value 210 kJ/kg,
specific heat of 0.73 kJ/(kg'K), a melting point of 55 °C, density of 840 kg/m’ and thermal
conductivity of 0.2—0.3 W/(m-K). PCM comes in rectangular HDPE containers with a volume
of 1.2 litres. 21 containers were placed in the top portion of the tank.

Charging and discharging experimental research was tested, however without stable heat
source other than the electric heater in the tank, it was decided that discharge experiments
provide more stable data and since the PCM which was used, had no supercooling, the
cooling process of PCM follows the same hysteresis as the one in heating. During the
experiments, the tank is heated to 65 °C and when all of the layers and PCM has reached that
temperature, the cooling process is started in a direct method as in Fig. 2.1 with a flow rate of
600 L/h.

The main conclusions from experimental research were that, firstly, the speed with which
PCM and water change temperature is similar, because water has higher thermal conductivity
and specific heat, while PCM has lower thermal conductivity and lower specific heat
capacity. Secondly, the phase change within a certain point in container took only 11 minutes,

12



therefore time step of simulations needs to be in minutes. Thirdly, the heat loss value of U =
1.75 W/(m* ‘K) of the tank was calculated from experimental data, which is later used in the
validation of the mathematical model.

For validation of data, the model is built in TRNSYS software. TRNSYS comes with
built-in components for sensible heat storage, however, there are no built-in components that
can simulate PCM in the tank. During the research process, two types that can use PCM were
obtained from other researchers who developed them within Solar heating & cooling
programme (IEA SHC) Task 32, Subtask C (Streicher et al., 2008). One is Type 860 and the
other is Type 840. Both types are firstly validated with sensible heating experimental data.
But only Type 860 is used to validate experiments with PCM because Type 840 does not
support container size and count that is used in experiments. In the short-term model, the only
component is the tank and the rest of the elements are for data input, output and visualization.
Both of the types used enthalpy method to describe the phase change process. In Type 840
tank division in 100 layers (nodes) was used with a total height of tank being 1260 mm, each
node had a height of 12.6 mm. Calculation in each time step is done between each node to
account for mass flows from inlets, outlets and movement between nodes, heat flux from
internal heat exchangers, auxiliary heaters, thermal conduction between neighbouring nodes,
heat losses and energy exchange between the storage medium and PCM modules.

Although both of the types had been validated by the developers of the models (Bony &
Citherlet, 2007; Schranzhofer, Schranzhofer, Puschnig, Heinz, & Streicher, 2006), validation
of experimental system was done on Type 840 for tank with only water and on Type 860 for
tank without water and tank with water and PCM. The comparison of energy removed
showed that the model of Type 860 had lower numbers compared to experiment by 11 % for
both cases while Type 840 had lower value by 4 % for the case without PCM. Meanwhile, the
temperature change in water and PCM was found to have a good fit with R* values above 0.9.
For example, PCM temperature has an R* value of 0.99, which suggests, that phase change in
model follows the same characteristics (Fig. 2.2).
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Fig. 2.2. Comparison of PCM temperature in cooling experiment and model.
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Since during annual simulations cylindrical containers are used, the limitation of
placement of rectangular containers in Type 840 does not have an effect, and due to better
validation fit, and since it was much easier to work with it, Type 840 was chosen as the main
type for annual simulations.
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3. ANNUAL MODEL RESULTS FOR SENSITIVITY,
OPTIMIZATION AND USE OF MULTIPLE PCM

From literature, it could be seen that short-term experiments and simulations showed that
PCM storage tanks could provide higher energy density, however, heating in these
experiments happened often in a constant manner. For PCM packed bed system application in
solar domestic hot water (SDHW) systems, annual results with actual climate data are needed,
and there was a lack of such information in the literature. Therefore, annual model was
developed based on components validated with experimental data.

The system consists of a storage tank, SC, pump, controller and auxiliary heater (Fig. 3.1).
SC area is designed as 1/60" of storage volume. Based on the experimental system, the
storage tank volume is kept 353 litres. SC area accordingly is 5.8 m?. The circuit at the
collector side in this model is directly connected to the tank to exclude the impact of external
HEXSs. Circulating pump is used to control the flow rate through SC. Heat losses, however,
are reduced, to resemble commercial systems from 4.29 W/K to 2.4 W/K.

Auxiliary R — 7
7 heater Supply
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7 4,("1 | — load
Tr}? = T |
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e N
C

old water
T
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Fig. 3.1. Solar heating system used in annual simulations.

The auxiliary heater can be installed in a tank, it can be outside a tank and transfer heat
with submerged HEX or it can be placed after the tank on the domestic hot water (DHW)
outlet. Temperature frequency analysis is carried out to choose the most suitable design. It
was found that using submerged HEX and control with dead bands provides clearer peak
temperature, which could be used as a melting point of PCM and also provides more frequent
fluctuations above and below this peak (Fig. 3.2). Fluctuations would be needed for PCM to
solidify and melt more often. This is important, since in sensible heat temperature ranges
PCM has lower specific heat compared to water, therefore, for the PCM to improve the
system, it has to utilize the latent potential during phase change.
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Fig. 3.2. Frequency of temperature ranges for hourly data of annual simulation without PCM
and with heating HEX and dead band control.

In the annual model the PCM used has a specific heat of 1.8 kJ/(kg-K) in solid and 2.4
kJ/(kg'K) in liquid forms, latent heat of 185 kJ/kg, the density of 1100 kg/m’ and thermal
conductivity of 4.5 W/(m'K). 150 cylindrical aluminium containers with an outside diameter
of 40 mm and inside diameter of 38 mm are used.

Consumer usage is based on the assumption that the system is for 3 persons, with average
daily water consumption of 50 litres per person, adding to 150 litres per day. The usage
profile is with constant set temperature at the outlet, which is achieved by mixing hot water
available at the top of the tank and cold water from the grid. The profile is based on European
reference tapping cycles (Bonk, 2012).

To find out the main parameters that affect the PCM SDHW system, a sensitivity analysis is
carried out. Although there are at least 12 aspects that affect the system, 5 aspects are chosen for
analysis with the one-at-a-time method. The following aspects are being analysed: 1) PCM
thermal conductivity; 2) melting point; 3) number of containers; 4) latent heat; 5) heater set
point. For each aspect, there are variances of +5 %, +10 %, =5 % and —10 % from the base case.

Sensitivity analysis showed that the main aspects that affect the performance of the system
are melting point and heater setpoint (Fig. 3.3). Lower melting point compared to base scenario
reduces solar collector efficiency and solar fraction, because PCM, 99.7 % of the year, is in
fully melted state and works as a sensible heat storage medium with inferior thermal properties
compared to water. The higher melting point had an insignificant increase in SF. Lower heater
setpoint increases solar collector efficiency and solar fraction, since the store is cooler, which
reduces heat losses by 7.3 %. Reduced heater setpoint by 10 % reduces average inlet
temperature at the collector from 48.5 °C in the base scenario to 47.6 °C (reduction by 1.8 %),
which in turn increases solar collector efficiency by 2 %. However, due to reduced setpoint, the
DHW temperature falls below 54 °C more than 50 % of the supply period of a year. Thermal
conductivity and number of containers have a linear impact in the range analysed, and both
affect solar fraction by less than 0.2 % with a maximum change of 10 %.

16
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Fig. 3.3. Solar fraction change depending on variances of aspects.

Based on sensitivity analysis the main aspects that affect the performance of the system
are melting point and heater setpoint. Heater setpoint has a limitation that it needs to be above
the DHW set-point. Therefore, the setpoint itself for the heater is restricted within the
limitations, however, heater control strategy can be used to optimize the system. In
optimization scenario, heater loop delivers heat based on the temperature of PCM not water,
which means that it is possible to make sure that PCM fully melts and fully solidifies.
Problems with this control strategy were that for PCM to solidify, the temperature of the tank
had to cool down below setpoint for DHW (Tppw), resulting in a period of a year where
setpoint temperature of 55 °C was not reached. Optimization of dead band value and heater
power was analysed, and it was found that 4 °C dead band is the optimal choice from the ones
that were analysed.

Comparing optimized base scenario, in which PCM with melting point of 55 °C is used at
the top of the tank, with the scenario without PCM, annual SF was increased by 6 %, collector
efficiency by 3.5 % and decreased annual auxiliary heating by 11.6 % with increase in periods
where target DHW temperature is not reached. The different control method in combination
with PCM affects the system by reducing auxiliary heating, which results in lower average
tank temperature, smaller heat losses, more energy obtained from solar collectors and larger
solar fraction.

Three scenarios were analysed for multiple PCM utilization. The first one is based on
temperature frequency analysis from the system without PCM, which found high temperature
frequency at two positions, which result in inverse placement — 55 °C PCM at the top and
60 °C PCM at the position of solar HEX, at the lower part of the tank. This scenario is
analysed since one of the initial ideas was that the use of temperature frequency information
without PCM could be a tool for existing tank manufacturers to help choosing appropriate
melting points. The second scenario is from temperature frequency data from the case with a
single PCM of 55 °C at the top. In this case, 55 °C at the top and 35 °C at the bottom was
found to be the possible positions. The third scenario is standard stratification placement with
PCMs with melting points of 55 °C at the top, 45 °C at the middle and 35 °C at the bottom.

17



200

2 150
£ 100
[+
<
O 50 ‘
5 “l I|| | || \l
£ 0 |l '.I ]
-50
0 1000 2000 3000 4000 5000 6000 7000 8000
Time, h
——PCM55 TOP ——PCM60 BOT

Fig. 3.4. PCM charge throughout one year for PCM_TB placement with PCMS55 at the top
and PCM60 at the bottom.

As can be seen in Fig. 3.4, PCM with a melting point of 55 °C (PCM55) fully charges and
discharges during periods with less solar radiation when heating is dominated by the auxiliary
heater, while bottom PCM changes phase more often during summer with more solar
radiation, even with a melting point of 60 °C. In this way, multiple PCMs can ensure a wider
period of the year with some of the PCM changing phase. However, absolute results showed
that multiple PCM system does not perform better than the system with single PCM at the top
in the SDHW system.

Based on the literature analysis, high energy density thermal energy storage systems
could increase solar energy adaptation rate, and development of some type of guidelines could
help. However, the results of simulations show that there are a large number of variables that
need to be considered to obtain increased performance in packed bed PCM storage and
information, therefore, a deeper analysis would be needed for individual applications.
Therefore, more general guidelines are prepared to help to select suitable PCM based on
materials in contact, the density of working fluid and temperature profile.
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1.

GENERAL CONCLUSIONS

Within the Thesis, experimental analysis and mathematical simulation within
TRNSYS of a thermal energy storage system with PCMs have been carried out. Short
term analysis has been carried out experimentally and obtained data were used to
validate the short-term simulation model. Based on the results of the short-term
analysis, a long-term model was developed to analyse PCM within the SDHW system
in Latvia’s climate conditions.

Sensitivity analysis has been carried by applying a one-at-a-time method for five
aspects — PCM thermal conductivity, melting point, number of containers, heater
setpoint and latent heat; and four variances: —10 %, -5 %, +5 %, and +10 %.
Sensitivity analysis results show that PCM melting point and auxiliary heater setpoint
have the highest impact on solar fraction and collector efficiency.

During optimization of the thermal storage with PCM, it was found that to obtain full
PCM charge and discharge, the auxiliary heater must be controlled by a temperature
sensor placed inside PCM. With optimized control the energy used by auxiliary heater
was reduced by 148 kWh, however, also the energy delivered to the load was reduced
by 42 kWh. Reduced energy at the load leads to the problem of water temperature of
the hot water being below setpoint of 55 °C in 10 % of the period of working time.
Meanwhile, the combination of PCM and reduced auxiliary heating by 11 % increased
SF by 6 % and collector efficiency by 3.5 %.

The hypothesis of the Thesis was based on the theoretical energy density of the tank,
which calculated for a given temperature range (40 K) is higher for multiple PCM
arrangement. Annual simulation results support the hypothesis by achieving higher
solar fraction and solar collector efficiency by using stratified PCMs compared to the
system without PCMs. However, it can also be concluded that the theoretical energy
density of the tank cannot be used to evaluate the potential of PCM in solar domestic
hot water systems. Arrangement with three PCMs achieved by 26.3 % higher energy
density compared to a single PCM system but annual simulations had a lower solar
fraction and collector efficiency.
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