SET

2015

NOTTINGHAM

14" International Conference on
Sustainable Energy Technologies

25" to 27 August 2015, Nottingham, UK

SUSTAINABLE ENERGY
FOR A
RESILIENT FUTURE

Conference Proceedings
Volume Il






r The Uniyersitgof
' | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA
\ World Society of
Sustainable Energy Technologies

Proceedings of the

14™ International Conference on

Sustainable Energy Technologies — SET 2015
25™ to 27" August 2015, Nottingham UK

Sustainable Energy for a
Resilient Future

Volume Il

Edited by

Lucelia Rodrigues

SET 2015 Co-Chair and Chair of the Scientific Committee
Architecture, Energy & Environment Research Group
Department of Architecture and Built Environment
Faculty of Engineering, University of Nottingham

Supported by the Conference Organising Committee:

Chair: Professor Saffa Riffat

Co-chair: Professor Mark Gillott

Event Manager: Zeny Amante-Roberts
Administrative Manager: Claire Hardwidge
Proceedings Support: Phil Roberts
Marketing: Guillermo Guzman
Webmaster: Johnny Mistry



© Copyright University of Nottingham & WSSET

The contents of each paper are the sole responsibility of its author(s); authors were responsible to ensure
that permissions were obtained as appropriate for the material presented in their articles, and that they
complied with antiplagiarism policies.

Reference to a conference paper:

To cite a paper published in these conference proceedings, please substitute the highlighted sections of
the reference below with the details of the article you are referring to:

Author(s) Surname, Author(s) Initial(s), 2015. 'Title of paper'. In: Rodrigues, L. ed., Sustainable Energy for
a Resilient Future: Proceedings of the 14™ International Conference on Sustainable Energy Technologies,
25-27 August 2015, Nottingham, UK. University of Nottingham: Architecture, Energy & Environment
Research Group. Volume X, pp XX-XX. Available from: eprints.nottingham.ac.uk [Last access date].

ISBN Volume Il: 9780853583141

Version: 07.07.2016



FOREWORD

FOREWORD

Dear Reader,

| am delighted to present you with volume Il of the 14th International Conference on Sustainable Energy
Technologies with a theme focus on 'energy storage & conversion' and 'policies & management'. For me,
volume Il is the meat in the sandwich between volumes | and lll. For without energy storage technologies
and sound robust policies we could be hampered in our goal of achieving a sustainable world for current
and future generations. Energy storage and energy conversion technologies are essential for overcoming
the intermittency of the majority of renewable energy technologies and are therefore an essential part of
their wide scale adoption and use.

At SET 2015 we had an excellent key note presentation from Professor Tianshou Zhao on ‘'Innovating
Energy Storage Technologies for a Sustainable Future'. Prof Zhao highlighted how important storage
technologies are in our pursuit of a low carbon world and highlighted the many advancements made by the
international scientific community in innovating energy storage technologies. Many of these innovations
were presented by delegates at the conference.

Chris Twinn introduced the Policies and Management section of the conference with his thought provoking
excellent keynote presentation entitled "The goal posts are changing - are we ready for the new direction?'.
As scientists and engineers undertaking research in sustainable energy technologies we need sound,
robust and long term policies that help support, deliver and implement their eventual use in real world
applications. Science and engineering also has a role to play in informing policy in the short, medium and
long term with innovations and robust scientific data. These issues were discussed and debated at length
in our sessions on 'Environmental Issues and the Public’, 'Energy and Environment Security' and 'Energy
and Environment Policies'.

Whilst you have only reached the mid-point volume in our conference proceedings | trust you find the
content both stimulating and informative. On a personal note, it was an absolute pleasure to host the 2015
conference in Nottingham and receive so many delegates from the global SET family. | hope you all enjoyed
elements of what Nottingham had to offer from Robin Hood to Samba! | would like to thank all of you for
your contributions and look forward to meeting up again at future SET conferences.

Professor Mark Gillott
Chair in Sustainable Building Design
SET 2015 Co-Chair
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ENERGY STORAGE & CONVERSION

Keynote Speaker Professor Tianshou Zhao: “Innovating Energy Storage Technologies for a Sustainable
Energy Future”

T S Zhao is Chair Professor of Mechanical & Aerospace Engineering at HKUST, the Director of the
HKUST Energy Institute, and a Senior Fellow of the HKUST Institute for Advanced Study.

Prof Zhao combines his expertise in research and technological innovation with a commitment to
creating clean energy production and storage devices for a sustainable future. He has made seminal
contributions in the areas of fuel cells, flow batteries, multi-scale multiphase heat and mass transport
with electrochemical reactions, and computational modeling. In addition to four edited books, 10 book
chapters and over 50 keynote lectures at international conferences, he has published more than 210
papers in various prestigious journals. These papers have collectively received more than 7,300
citations and earned Prof Zhao an h-index of 50 (Web of Science). In recognition of his research
achievements, Prof Zhao has in recent years received many awards, including the 2013 State Natural
Science Awards, the Overseas Distinguished Young Scholars Award (NSFC), the Croucher Senior
Research Fellowship Award, and the HKSUT Engineering Distinguished Research Excellence Award,
among others. He is elected ASME Fellow and the Royal Society of Chemistry’s Fellow. He was named
a Highly Cited Researcher in Engineering by Thomson Reuters in 2014.

In the international community, Prof Zhao serves as Editor-in-Chief of Advances in Fuel Cells, Editor-in-
Chief of Aplied Thermal Engineering and Editor of the Royal Society of Chemistry (RSC)’s Energy &
Environmental Science. He has served as an editorial board member for more than 10 prestigious
international journals.
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SESSION 2: HEATING AND COOLING SYSTEMS
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51: Identification of chiller maintenance factors
using Bayesian Markov Chain Monte Carlo method

PEI HUANG!, GONGSHENG HUANG?

1 City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, Email: peihuang2-
c@my.cityu.edu.hk

2 City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, Email:
gongsheng.huang@cityu.edu.hk

HVAC systems are used in modern buildings to provide indoor thermal comfort and acceptable indoor
air quality. Aging and degradation are prevalent among HVAC systems. They inevitably lead to the
decrease in the efficiency and maximum cooling capacity of HVAC systems. As a result, the annual
energy use will increase and the risk that the HVAC system cannot provide enough capacity will be high.
Hence aging and degradation always represent a crucial consideration for designers.

In the life cycle analysis or the performance prediction of HVAC systems, the level of aging and
degradation of a HVAC system or component are quantified using maintenance factor (MF). In general,
good maintenance will delay the aging and degradation effects, and will therefore have a small
maintenance factor. Poor maintenance accelerates the aging and degradation and will have a large
maintenance factor. A conventional analysis recommends that the maintenance factor should be 0.01
for systems or components that undergo annual professional maintenance, and 0.02 for those that are
seldom or never maintained. It is known that those recommendations are mainly based on a rule of
thumb, and may not be accurate enough to describe the degree of aging for a given HVAC plant.

This research therefore proposes a framework of identifying the chiller maintenance factor using
available in-situ cooling capacity data. The proposed method firstly employs the Bayesian inference to
produce the posterior distribution of the maintenance factor, and then the Markov chain Monte Carlo
method to generate samples from the posterior distribution. Using these samples, the mean, the
standard deviation and some other statistical characteristics of the maintenance factor can all be
obtained. The calibrated maintenance can then be used to predict the chiller plant maximum capacity,
which can be used in decision making on the maintenance scheme. Details of the identification process
will be provided by applying the proposed method to a real chiller plant, and results will be compared
with that of a conventional analysis.

Keywords: Degradation, HYAC, maintenance factors, Bayesian Inference, Markov chain Monte Carlo
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1. INTRODUCTION

Energy audit indicates that buildings consume over 40% of end-use energy worldwide, and this
percentage even increases to over 90% in Hong Kong (LAM, LI, and CHEUNG 2003: page 498). In a
large commercial building, its heating, ventilation and air-conditioning (HVAC) system always represents
the largest primary energy end-use. One way to improve the building energy efficiency is to design
HVAC appropriately. However, this is not easy since uncertainties exist inevitably in the HVAC design
process (DE WIT 2003: page 35). Uncertainties easily lead to improper decision making on the sizing
of HVAC components, which may result in additional energy usage/cost (if oversized) or capacity
deficiency (if undersized) (HUANG, HUANG, and WANG 2015: page 33). Many studies have
investigated the uncertainties in the prediction of the building peak load (DE WIT 2003: page 29; HOPFE
2009: page 27; EISENHOWER et al. 2012: page 7; HUANG, HUANG, and WANG 2015: page 28),
which is one of the most important parameters to size HVYAC components. However, a proper sizing is
not only affected by the uncertainties associated with the building peak load but also the uncertainties
associated with the effective cooling capacity provided by the HVAC system. This is because capacity
loss occurs during the transmission and capacity degradation in HYAC components over the service life
cannot be avoided.

In the life-cycle analysis of the maximum capacity provided by a HVAC system, aging always represents
a crucial consideration for designers. The aging effect is prevalent and will inevitably lead to degradation
in HVAC system performance and potential sacrifices of thermal comfort (HUNTER 1941: page 15;
SMITH 1983: page 5; HU 2009: page 106; ASHRAE 2012: chapter 17.5; DONG et al. 2014: page 316).
For example, material degradation may result in decreased filtration efficiency, defective seal, and
system component damage (ASHRAE 2012: chapter 17.5); aged ferrous pipe has a capacity loss of 40
to 80%; and aged copper pipe has a capacity loss of 25 to 65% (HUNTER 1941: page 15). As a result,
the annual energy use and the risk that the HVAC system cannot provide adequate capacity for thermal
comfort may increase. Previous studies by DONG et al. (2014: page 316) indicate that HVAC systems
will consume electrical energy 20% more than that in the design intent due to the equipment aging and
degradation (e.g., filter or heat exchanger fouling). Therefore, how to deal with the aging and
degradation effect becomes an urgent issue.

The aging effect can be quantified using different models for different components or processes (ARI
1989: page 45; MATSON et al. 2002: page 53; HENDRON 2006: page 7; ASHRAE 2012: chapter 17.5;
LEE et al. 2014: page 541; TREMBLAY and ZMEUREANU 2014: page 198). For instance, the aging of
photovoltaic (PV) panels can be described using a degradation range coefficient and a scale model was
suggested to estimate the yearly generated power (ASHRAE 2012: chapter 17.5; LEE et al. 2014: page
541). TREMBLAY and ZMEUREANU (2014: page 198) quantified the degradation in heat exchanger
effectiveness as a decaying constant and suggested a linear model to estimate the hourly heat
exchanger effectiveness. The degradation in chiller plants’ coefficient of performance (COP) can be
modelled with a degradation coefficient and again a linear model was suggested to estimate the
degraded COP (ARI 1989: page 45). Remarkably, MATSON et al. (2002: page 53) linked the aging
effect in HVAC components with their maintenance and used a maintenance factor to quantify the yearly
efficiency. The components’ degraded capacity can then be described using an exponential model.
MATSON et al.’s (2012: page 53) model has been proved to be effective, and a conventional analysis
recommends that if the system or component undergoes annual professional maintenance, the
maintenance factor should be considered as 0.01; otherwise, it should be 0.02 (HENDRON 2006: page
7). Unfortunately, this recommendation is mainly based on a rule of thumb, and may not be accurate
enough to describe the degree of aging for a given chiller plant since the maintenance factor will be
affected by many factors, such as maintenance scheme, maintenance personnel, operating condition
and even the environment. Those factors are difficult to quantify and inevitably lead to an improper
estimation of the maintenance factor. Therefore in this article, the author defines a parameter of
degradation remaining percentage R according to the maintenance factor, and proposes a method to
identify the chiller aging effect using available in-situ data in a stochastics framework.

Bayesian inference is a powerful tool for adjusting and calibrating simulation models using in-situ data.
Literature review reveals that the Bayesian inference has been widely used in building simulation (HEO,
CHOUDHARY, and AUGENBROE 2012: page 553; BOOTH, CHOUDHARY, and SPIEGELHALTER
2013: page 296; NOH and RAJAGOPAL 2013: volume 8692; HEO et al. 2015: page 136; KIM, AHN,
and PARK 2014: page 113). For example, BOOTH, CHOUDHARY, and SPIEGELHALTER (2013: page
296) used a Bayesian method to calibrate the micro-level models with the macro-level data to improve
the model accuracy. NOH and RAJAGOPAL (2013: page 5) used a Bayesian method to predict the

18



ENERGY STORAGE & CONVERSION

building next-day energy consumption. Notably, HEO, CHOUDHARY, and AUGENBROE (2012: page
553) adopted a Bayesian Markov Chain Monte Carlo (MCMC) method to calibrate uncertain input
parameters for evaluating the peak thermal load, including the infiltration rate, the discharge coefficient
and the indoor temperature set-point. KIM, AHN, and PARK (2014: page 113) applied the Bayesian
MCMC method to balancing the construction cost of a building and its total energy consumption. Due to
its wide application, the Bayesian MCMC method will be adopted in this study.

In this article, the authors propose to use the Bayesian MCMC method to identify the chiller plant aging
effect using available in-situ cooling capacity data. The proposed method firstly employs the Bayesian
inference to produce the posterior distribution of the degradation remaining percentage R (defined by
Equation 3), and then uses the MCMC method to generate samples from the calibrated R posterior
distribution. The calibrated R will then be used to predict the chiller plant maximum cooling capacity in
the future years. The objective of this study is to assist HVAC designers to quantify the aging effect
accurately and evaluate the life-cycle performance of their HVAC components. Based on the
observation that (i) many HVAC researchers and engineers might not be familiar with the Bayesian
MCMC method; and (ii) current relevant studies, which are found in HVAC engineering such as the
references (HEO, CHOUDHARY, and AUGENBROE 2012: page 553; KIM, AHN, and PARK 2014: page
113), give a very sketchy introduction to the Bayesian MCMC method, therefore the implementation
process of the Bayesian MCMC method will be introduced in detail in this paper.

2. METHODOLOGY
Capacity degradation model

From MATSON et al.’s (2002: page 53) study, the performance degradation rate of the efficiency of a
cooling system is determined using Equation 1.

Equation 1: Efficiency degradation with time EER = (Base EER) - (1 — MF)“
Where:

EER = energy efficiency ratio after use

Base EER = typical energy efficiency ratio when new
MF = maintenance factor for the system

a = time in years of operation

In general, good maintenance can delay the aging effect and hence leads to a small MF; while poor
maintenance accelerates the degradation and hence leads to a large MF. For a chiller plant, the
degradation of its maximum cooling capacity resembles the degrading characteristics of the energy
efficiency ratio: the decreasing rate is high at the beginning but becomes low after a long-term use
(ASHRAE 2012: chapter 38). Therefore the yearly maximum cooling capacity supplied by the chiller
plant is assumed to be described by Equation 2.

Equation 2: Capacity degradation with time Q=0Qy-(1—-MF)*
Where:

@ = yearly maximum cooling capacity supplied by the chiller plant (kw)
Qo= chiller plant maximum cooling capacity when it is newly installed (kW)

In Equation 2, the term (1-MF) is defined as degradation remaining percentage R, as shown in Equation
3.

Equation 3: Degradation remaining percentage R=1-MF
Where:

R = degradation remaining percentage
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In general, MF can be quantified to follow Weibull distribution, normal distribution, log-normal
distribution, or even exponential distribution (BEN-DAYA et al. 2009: page 49). To simplify the
development of the likelihood function for MF, R is quantified to follow a log-normal distribution, as
illustrated in Equation 4.

Equation 4: Distribution of degradation remaining 2
percentage InR~N (g, o%)

Where:

InR = natural logarithm of the degradation remaining percentage
u = mean of natural logarithm of the degradation remaining percentage
o =standard deviation of natural logarithm of the degradation remaining percentage

It should be noted that if available in-situ data are abundant, the prior distribution becomes less important
as shown in the reference (WANG and CAO 2013: page 114).

Bayesian Markov Chain Monte Carlo

The Bayesian MCMC method is employed to calibrate R using the in-situ data, which has two stages:
Bayesian inference and MCMC sampling. The Bayesian inference is used to generate posterior
distributions for the calibrated InR using the prior knowledge and available in-situ data; while the MCMC
sampling is used to generate equivalent samples from the generated posterior distributions. The
equivalent samples represent the statistical characteristics of the posterior distributions, and thus they
will be used to evaluate the mean and deviation of INnR (WANG and CAO 2013: page 111; AU and
WANG 2014: page 152; CAO and WANG 2014: page 5). Figure 1 illustrates the process of using the
Bayesian MCMC to calibrate InR in detail.

Prior distribution P(p, o) Measured data
Qdata = [%, 0z, ... Qnl

P P4

| = Likelihood probability
14 P(Qgqtaltt, 0)

v N

Stage 1: Bayesian inference | Joint posterior distribution P(u, 61Q4ata)

P(InR|p, ) Total probability

P T /\ theOL)l P(InR|p, 0, Qaata) |

' InR - \y
| Choose an initial sample L, |

—>| Choose a candidate sample L; |
v
| Calculate the acceptance ratio r, |

m No
Yes
L owy ] [ b |

e L —
Stage 2: Markov chain Monte Yes

Carlo sampling Cstimate the probabiflri(tjyl/T1 dsiztnrislitsion, nand o of InR

Figure 1: Flowchart of the Bayesian Markov Chain Monte Carlo method
Bayesian inference

Given a model y=f(6) and the measured data of yqata, the Bayesian inference deduces the posterior
probability P(9| Ydata) by Equation 5 (BOX and TIAO 2011: page 10).
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Equation 5: Bayesian
in?erence y P(elydata) = P(ydatale) ' P(G)/P(ydata) = KP(ydatale) - P(0)

Where:

6= uncertain inputs which needs to be calibrated

Ydata = Measured data

P(Vqatal0)= likelihood probability showing the possibility of yuaa 0ccurring given the input 8

P (6)= prior probability representing the possibility of 6 occurring

P(Yqata) = probability representing the possibility of yeaa 0Ccurring (constant)

K = 1/P(Ygata) = Normalization constant

P(81y4ata) = posterior probability representing the calibrated possibility of 6 occurring given Yeaa

In this study, the maximum cooling capacity Q is the output y, and the mean p and the standard deviation
o of InR are the inputs 6 as discussed below. A non-informative joint uniform distribution of y and o is
assumed to be the prior distribution. The joint uniform distribution is expressed as Equation 6 (WANG
and CAO 2013: page 108; CAO and WANG 2014: page 3).

1
X or u € . and ¢ € |0y, O,
P(ﬂ, O') — {ﬂmax_ﬂmin Cmax—Omin f u [,umln .umax] [ min max]

0 others

Equation 6: Joint
prior distribution

Where:

u =mean of InR

o = standard deviation of InR

Wmins Bmax = Minimum and maximum values of the mean of InR

Omin» Omax = Minimum and maximum values of the standard deviation of InR

Based on Equations 2, 3 and 4 the likelihood probability P(Qdata|p,o) for available in-situ maximum
cooling capacity data Qqata =[Q1,Q2,...Qn] is derived as Equation 7.

Equation 7: Likelihood _ N T _ (nQ;—(inQo+ap))?
function P(Qdatalﬂ' 6) - izlx/ﬁ(aa)Qi e p( 2(ac)? )

Where:

@; = measured maximum cooling capacity (kW), which is determined by Equation 8 (ASHRAE 2012: chapter 38.2)
Equation 8: Measured maximum cooling .
capacity Qi = Cpmw ' (Treturn - Tsupply) when (Tsupply > Trated)

Where:

¢p = specific heat capacity of the chilled water (kJ/(kg-°C))
m,,= mass flow rate of the chilled water (kg/s)

Tsuppiy = chilled water supply temperature (°C)

Treturn = chiller water return temperature (°C)

Trateq= rated chilled water supply temperature (°C)

Only if the chilled water supply temperature is higher than the rated one, the supplied capacity is
considered as the maximum capacity. Combing the joint prior probability (Equation 6) and the likelihood
probability (Equation 7) for available in-situ data, the joint posterior distribution of y and o is determined
as Equation 9.

K!

Equati.on o: P(H' Gleata) = (Bmax—tmin) (Omax—9min)

P_ost_eno_r N 1 (InQ;—(InQg+au))?

distribution =1 r(ane; exp(— 2(a0)? )
Where:
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k' = normalization constant
Markov Chain Monte Carlo sampling
From the joint posterior distribution of y and o, the probability density function of InR is determined by

the total probability theorem as shown in Equation 10 (WANG and CAO 2013: page 108; CAO and
WANG 2014: page 4).

Fauation10: Total probapiliy P(nRIK, 0, Quata) = J,,, PUnRI, 0) - P(, 01 Quasa) dpico
Where:
P(InR|y, o) = possibility that InR occurs given p and o (Equation 11)
. . - _ 1 _ (InR—u)?
Equationl11: Probability of InR P(InR|u,0) = N exp( o )

In general, the implementation of the MCMC sampling method involves 5 steps (WANG and CAO 2013:
page 110). The details for generating the samples of InR at each step are summarized as follows, where
the sample generated for InR is represented by L.

Step 1: Choose an initial sample L; for the Markov Chain. The initial sample can be the mean p of its
prior distribution (see Equation 4).

Step 2: Choose a candidate sample by Equation 12. There are several approaches to generate the
candidate sample. For instance, the Metropolis-Hastings algorithm selects the candidate sample from a
proposal distribution (METROPOLIS et al. 1953: page 1088; HASTINGS 1970: page 100; COSMA and
EVERS 2010: page 53; WANG, and CAO 2013: page 109; AU and WANG 2014: page 4). In this article,
the candidate sample is selected through adding a random number within a predefined range to the last
selected sample (COSMA and EVERS 2010: page 56), i.e.

Equation 12: Generation of candidate sample Li=L_,+e, ¢&€[-g4]

Where:

L; = candidate sample generated at the | run
Lj_, = sample generated at the (G-1)" run

& = random variance term

g = predefined positive number

Step 3: Calculate the acceptance ratio by Equation 13. The acceptance ratio is defined as the ratio
between the possibility that the candidate sample Lj* occurs with the possibility that the last sample Lj.1
occurs.

. _ . ) . 1)
Equation 13: Acceptance ratio 1(L;|Lj—1) = min i1 s
j-1

Where:

f(L})= possibility that Li* occurs given y, 0 and Qqaa (Equation 10)
f(Lj—1)= possibility that L;.1 occurs given y, 0 and Quaw (Equation 10)

Step 4: Determine a new sample according to the acceptance ratio by Eugation 14. A random number
0 is selected at each run and is compared with the acceptance ratio. If ra is greater than &, the sample
L; generated at the j" run is set to be Lj*. Otherwise it is equal to Lj.1.

L, 1,26

Equation 14: Determination of new sample Ly = {L r <8
j—1; a
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Where:

L; = new sample generated at the i run
6 = random number within the range [0,1]

Then the number of run is compared with the number of required samples nmeme to decide whether to
continue sampling or stop.

Step 5: Estimate the full distribution, including the mean y and the standard deviation o of InR using the
equivalent samples. Then, the mean m and the standard deviation n of R can be calculated by Equation
15 (AU and WANG. 2014:72).

Equation 15: Estimation of R m=ehto’/2 = \/(eﬂz — 1) - g2uto?

Where:

m = mean of R
n = standard deviation of R

According to m and n, the statistical characteristics of R will then be determined, and the samples for R
can be generated. These samples will be used as inputs for Monte Carlo simulation to predict the chiller
plant next-year maximum cooling capacity.

Prediction of next-year maximum cooling capacity

Assume that the current year is the at" year of the chiller plant putting into operation and the actual
maximum cooling capacity Qqawa in the a" year is measured and stored in a building information
management (BIM) database. Simultaneously, the predicted maximum capacity Qapcan be calculated
from the capacity degradation model (Equation 2) using a prior InR. If the predicted maximum capacity
Qap has close mean value and shows same trend with in-situ data Quata, there is no need to calibrate
the InR. Otherwise, the InR will be calibrated with the Bayesian MCMC method as introduced in Section
2.2.

The calibrated InR (or R), denoted as InR' (or R"), with its stochastic distribution is used to predict the
maximum cooling capacity in the next year ((a+1)") using Equation 2. Using the predicted next-year
maximum cooling capacity Qa+1,, designers and customers can evaluate the reliability of the chiller
plant, i.e. to assess whether it can provide enough capacity for the load demand, and thus make a
decision on the maintenance scheme for the chiller plant.

3. CASE STUDIES

In the case studies, the aging effect of a real chiller plant was analyzed. This chiller plant was equipped
to provide cooling for the Green zone of the academic building 1 in City University of Hong Kong. The
configuration of the chiller plant is listed in Table 1.

Table 1 Configuration of the chiller plant

Rated cooling capacity 375 TR (1318.9 kW)

Maximum cooling capacity (newly built) 426.5 TR (1500 kW)

Supply chilled water temperature Summer: 5 °C Winter: 9 °C

Maintenance Change compressor oil per year (poor maintenance)

23



ENERGY STORAGE & CONVERSION

Summer: 00:00-12:00 operation; other time stop;
Winter: 8:15-22:45 operation; other time stop;
Start year of operation 2007

Operation setting

Calibration of InR in 2012

Since the chiller plant undergoes poor maintenance, R was set as 0.98 in the conventional analysis. In
the proposed method, a non-informative prior distribution was used to describe the mean and the
standard deviation of InR. The minimum/maximum value umin/umax for the mean were set as -0.01 and -
0.0005 respectively. The minimum/maximum value Omi/Omax for the standard deviation were set as
0.005 and 0.1245 respectively (KIM and GODFRIED 2013: page 35).

The aging effect was not obvious in the first few years, and hence the calibration of INR was conducted
using the maximum cooling capacity data in 2012, when the chiller plant had been running for 5 years.
In the framework of the Bayesian inference, the distribution was obtained for InR using Equation 10. The
MCMC method was used to generate samples from the posterior distribution. 100,000 samples were
generated for InR, and then these samples were put into a histogram, as shown in Figure 2. Using these
samples, y was -0.0099 and ¢ was 0.0062, and InR was found to follow a normal distribution, i.e. N(-
0.0099,0.00622).
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Figure 2: Posterior distribution and histogram of the samples for InR and R

The distribution of R was also estimated from p and o of InR. Figure 2 also shows the probability density
distribution of R and the histogram of 100,000 samples generated for R. To simplify the analysis, R
greater than 1 was not truncated. After calibration, R approximately follows a log-normal distribution
instead of a deterministic constant value. The mean m and the standard deviation n of R were calculated
using Equation 15, which gave m=0.9899 and n=0.006. This statistical distribution of R provided more
comprehensive information than the conventional analysis (R=0.98).

The accuracy of the calibrated R was assessed by comparing the predicted maximum cooling capacity
(which was calculated using R', the calibrated R) with the measured maximum cooling capacity. The
result was shown in Figure 3. The comparison indicated that the predicted maximum capacity matched
the measured data very well. The measured data not only lie within the range of the predicted maximum
cooling capacity but also show a similar trend. The mean of the predicted maximum cooling capacity
was 1427.9kW; while the mean of the measured maximum cooling capacity was 1398.2kW. The relative
error was 2.13%. The calibration using the Bayesian MCMC is effective. Besides, the calibration
guantified the uncertainties associated with R as well.
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Figure 3: Comparison of the predicted maximum cooling capacity with the measured one
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Prediction of the maximum capacity

Since the maintenance scheme was kept the same from 2012 to 2014, the calibrated R (using the data
in 2012) was then used to predict the maximum cooling capacity for the years of both 2013 and 2014.
Figure 4 shows the comparison of the predicted maximum cooling capacity with the measured one in
2013 and 2014. Results show that the measured data lie inside the range of the predicted maximum
cooling capacity in both two cases. Moreover, the mean of the predicted maximum cooling capacity was
close to the mean of the measured one. Table 2 lists the comparison of the mean, the minimum, the
maximum of the measured maximum cooling capacity, as well as those of the predicted using R=0.98
without any calibration.

Comparison in 2013 Comparison in 2014
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Figure 4 Comparison of the predicted maximum cooling capacity (based on the calibrated R) with the
measured one in 2013 and in 2014

Table 2 Comparison between the predicted and the measured maximum cooling capacity

Year 2012 2013 2014
Mean (KW) 1398.2  1389.2  1381.2
Measured maximum cooling capacity Min (kW) 1332.7 1283.2 1329.6
Max (kW) 1456.1  1573.8  1480.7
Mean (kW) 1427.9 14153  1402.1
Evaluation using calibrated R Relative error  2.13%  1.8%  1.51%
(Confidence level 95%) Min (kW) 1282.5 1227.6 1190.6
Max (kW) 1599.3 1612.4 1632
(kW) 1355.9 1328.8 1302.2

Evaluation without calibration (R=0.98) .
Relative error 3.03% 4.35% 5.72%

It can be seen that by applying the Bayesian MCMC method to calibrate R, the relative error of the
evaluated maximum cooling capacity decreased from 4.35% to 1.8% in 2013, and from 5.72% to 1.15%
in 2014. Therefore the calibration improved the accuracy of the prediction remarkably.

4. CONCLUSION

This study has developed a method of calibrating the chiller aging effect using the Bayesian Markov
Chain Monte Carlo (MCMC) method, which consists of the main steps of generating posterior
distributions and generating equivalent samples. The calibrated degradation remaining percentage (InR)
has been defined to predict the next-year maximum cooling capacity. Compared with the conventional
analysis that uses a deterministic value of the maintenance factor to evaluate the aging effect, the
proposed method can provide a much more accurate maintenance factor as well as its stochastic
distribution, which will provide more information to assess the operation of the chiller plant and to select
a proper maintenance scheme. Future work will focus on analyzing the life-cycle maximum capacity of
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a whole HVAC system (not only the chiller plant) by taking account of various uncertainties associated
with the system, such as the capacity loss during the capacity transportation, and integrate those
uncertainties into the design of HVAC system.
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Trigeneration systems use waste heat from prime movers to generate heating and cooling along with
power. They are more efficient, less polluting & more economical than conventional systems. In this
paper, in addition to the electricity generated from the engine genset waste heat from engine exhaust
was used for heating and space cooling purpose. In this work, for space cooling, four units of Electrolux
vapor absorption system, each with a capacity of 51 liters and heat input of 95 Watts, were used.
Exhaust gas from the engine was the source of thermal energy to provide heat to the four generators of
the VA system. A cabin (3’X5°X6°) made of ply wood was fabricated as a space for cooling. The test
results show that a temperature drop of 6.50C was obtained in cabin at full engine load about 6 hours
after system start up. In this trigeneration or combined cooling heating and power (CCHP) mode, cooling
water after extracting heat from engine block was designed to pass through the heat exchanger, where
the other fluid was exhaust gas coming out from VA system generators. For the optimization of
trigeneration system in CCHP mode, different VA units were operated one by one to obtain the best
energy output in terms of space cooling and water heating. The test results show that in this size of set-
up, using 3 units of VA system (i.e. approx. 150litres) generates an optimized trigeneration system.
However, if more cooling effect is desired, then all four units of VA system should be put into operation,
though sacrificing some output in terms of water heating.

Keywords: trigeneration, micro trigeneration, waste heat, vapor absorption system, space cooling.
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1. INTRODUCTION

Cogeneration and trigeneration have emerged as fast growing techniques to solve energy related
problems, such as increasing energy demand, increasing energy cost, energy supply security and
environmental concerns. Cogeneration and trigeneration respectively mean the production of two and
three useful forms of energy from the same energy source [Ryan, 2005]. Low grade waste heat available
at the end of power generation process is utilized in heating and cooling / refrigeration. Cogeneration
defines the simultaneous production of cooling / heating and power, while the trigeneration system
defines the simultaneous production of cooling, heating and power from single energy source (i.e., the
fuel only). A typical trigeneration system consists of a prime mover or the driving unit, electricity
generator, thermally activated equipment and heat recovery system. There are various options for prime
mover, such as, internal combustion engine, gas turbine, steam turbine, Stirling engine, fuel cells, etc.
Prime mover drives a generator which provides electric power [Wu & Wang, 2006, page 459-495].
Waste heat (as a by-product) from the prime mover is recovered and used to (a) drive thermally activated
components such as vapour absorption system or adsorption chiller or desiccant dehumidifier [Deng et
al., 2011, page 172-203] and (b) produce hot water, steam, warm air or other heated fluid with the use
of a heat exchanger. Depending upon the size, the cogeneration and trigeneration systems are classified
as large, medium, small or micro cogeneration / trigeneration systems. Both cogeneration and
trigeneration have application in commercial sector (office buildings, etc.) as well as in industrial sector
[Ziher & Poredos, 2006, page 680-687]. A number of studies have been conducted to investigate the
performance of a large scale cogeneration / trigeneration system [Kong et al., 2005, page 977-987].
However, very little work has been done in real life cases at small residential or commercial level
especially for space cooling. Applying cogeneration / trigeneration technology to small scale residential
use is an attractive option because of the large potential market. Khatri et al. 2010, page1505-1509 and
lin Lin et al., 2007, page 576-585 designed and analysed micro trigeneration systems based on small
diesel engines. The experimental results show that the idea of actualizing a household size trigeneration
system is feasible and the design of such trigeneration system is successful. G. Angrisani et al., 2014,
page 188-201 carried out an experimental study to investigate the performance of both micro
cogeneration system and micro trigeneration system. The experimental data were analysed from
energy, economy and environmental point of view and the performance of the proposed system was
compared with the conventional system. Aleixo et al. 2010, page 1141-1148 investigated an
experimental study of an ammonia water absorption refrigeration system using the exhaust of an internal
combustion engine as energy source and result show that the cooling capacity can be improved &
carbon monoxide emissions were reduced. Tiwari et al., 2012, page 337-342 have described the
experimental investigation of an adsorption refrigeration system for cabin cooling of trucks using exhaust
heat. J. Godefroy et al. 2007, page 68-77 have described the design, testing and mathematical
modelling of a small trigeneration system based on a gas engine with 5.5 kW electricity output and an
ejector cooling cycle, analysis of which shows that an overall efficiency of around 50% could be
achieved. Y.Huangfu et al. 2007, page 1703- 1709 had discussed the economic and exergetic analysis
of novel micro scale combined cooling, heating and power system using small scale internal combustion
engine with rated electricity power 12 kW and an adsorption chiller with refrigerating capacity of 9 kW.
Deepesh et al. 2013, page 1-7 presented a brief review on micro trigeneration systems and concluded
that micro-trigeneration systems can be projected as strategic means to achieve energy security and
efficiency, with positive impact on economy, simultaneously reducing environmental threats, leading to
sustainable development. Abusoglu et. al, 2008, page 2026-2031, described the thermodynamic
analysis of the diesel engine operated cogeneration system and found the thermal efficiency of the
overall plant was 44.2% and exergetic efficiency was 40.7%.

The objective of the current study was to experimental optimization of Cl engine operated micro-
trigeneration system for power, heating and space cooling. For space cooling, four units of Electrolux
vapor absorption systems, each with a capacity of 51 liters and heat input of 95 Watts, were used.
Exhaust gas from the engine was the source of thermal energy for this VA system. Whereas, for
production of hot water, compact type heat exchanger was used to raise the temperature of cooling
water coming out of engine block with the help of exhaust gas coming from the engine/ VA system.

2. EXPERIMENTAL SET-UP

Fig. 1 (a) and (b) show the schematic layout of the experimental setup and photograph of trigeneration
test rig in the laboratory respectively. The experimental setup for the study consisted of single cylinder
four stroke water cooled constant speed, Kirloskar make 5 HP (3.7 kW Model AV1) diesel engine
coupled with electric generator and Electrolux vapor absorption system (four units) for space cooling.

28



ENERGY STORAGE & CONVERSION

Electical L5 Power Generation
Generatror

Flow Regulationg Valve
Exhaust Gas —» ® —  To Atnospher
A
Diesel Engine B 8
o v
G Generator [ Absorber
F Heat v 4
Water Outlet ) ——» Exchanger [
Vapor Absorption
T E l System
Ad
Exhaust
' b “ -
Water  Water Outlet to Condenser Evaporator
Inlet Afmosphere

Hot Water to  Exhaust Gas to
Atmospher Atmospher

Fig. 1 (a) Schematic layout of experimental etup for trigeneration sytem, (b) Photograph of the

trigeneration test rig in the laboratory

Four identical VA units were arranged in rectangular pattern with two rows and two columns consisting
of two VA units each. Henceforth, the four VA units will be addressed as top left, top right, bottom left
and bottom right VA units according to their position in the VA system while looking from the front of the
VA system. Air flow rate in the engine was determined using air box method by measuring the pressure
drop across a sharp edge orifice of air surge chamber with the help of a manometer. Burette method
was used to measure the volumetric flow rate of diesel. Governor was used to keep engine rpm constant
while varying the load on engine for creation of various test results. The load was varied by switching
on the desired numbers of electric bulbs.

Digital tachometer was used to confirm that the engine speed remains constant under varying load
conditions. AVL make DITEST (AVL DiGas 4000 light) 5 gas analyzer was used to analyze the exhaust
emission from the engine. The exhaust emission included NOx, CO, HC, CO2 and O2, out of which,
CO, HC and CO2 were measured by an NDIR technique and NOx and O2 were measured by
electrochemical sensors. They give HC and NOx emissions in PPM and that of other gases in
percentage. Smoke in exhaust was measured with the help of AVL smoke meter. The drop in intensity
of light (lux level) between a source of light and a receiver was measured to calculate the opacity of
exhaust gas. This calculation is based on Beer — Lambert Law.

Combination of four units of Electrolux vapor absorption system, each with a capacity of 51 liters and
heat input of 95W, was used for space cooling. This type of cooling system is also called three fluids
absorption system. The three fluids used in the system were ammonia, hydrogen and water. Ammonia
was used as refrigerant because it possesses most of the desirable properties for refrigerant. Hydrogen
being the lightest gas was used to increase the rate of absorption of liquid ammonia passing through
the absorber. Water was used as a solvent because it has the ability to absorb ammonia readily.

Four flow regulating valves were provided for regulating the flow of exhaust coming out from the engine
to the generators of each unit. Heat was to be provided to generators of the four vapor absorption units
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for each unit to provide cooling effect. The exhaust flow was directed towards the four VA units one by
one by opening and closing the valves (as required) of the individual VA units.

A wooden cabin of 3 feet width, 5 feet length and 6 feet height was fabricated for test of space cooling.
For proper insulation of cabin, so as to minimize the loss of cooling effect, nitrile rubber was used on the
rear wall of cabin, over which glass wool layer was used and further on the top of glass wool, aluminum
foil was pasted, hence, giving the cabin rear a three layer firm insulation cover. The side wall of the
cabin which was adjacent to the engine was provided with thermal insulation by 3 layers of 1 inch thick
thermocoal sheets making it a 3 inch insulating layer of thermocoal. The cabin roof was provided with
one layer of 1 inch thermocoal sheet above the ply wood ceiling. The other two walls did not need
insulation as those were away from the engine. Two fans were used to reduce the excessive heat from
top left and top right condensers. Also, two fans were used between VA system and cabin to suck the
cold air from evaporator coil and deliver it into the cabin. The power required to run the fans (i.e. 100
Watt for four fans) was supplied by the engine genset. Exhaust gas coming out from VA system was
used to further heat the cooling water coming out from the engine block. For this a compact type heat
exchanger was used. The heat exchanger used was 340 mm high, 300 mm wide and 50 mm thick cross
flow, multi-flattened tube and finned, made of brass tubes and copper fins.

2.1. Thermodynamic Energy Analysis

The energy analysis of the diesel engine operated single generation system, cogeneration system and
trigeneration system is explained in this section. The principles of mass or energy conservation and the
Second Law of Thermodynamics were applied. The following performance parameters were calculated
for the system developed under single generation, cogeneration and trigeneration modes based on the
energy principle:

Equation 1: Thermal energy carried by the exhaust gas:
Eer = Moy Cp{Tengex.gas — Tampient) KW
Where:
Eex = Energy carried by the exhaust gases in kW
Mex = mass flow rate of exhaust gases in kg/s
Cpex = Specific heat of exhaust gases at constant pressure in kJ/kg-K
Teng.exgas = Temperature of gases at engine outlet in Kelvin
Tambient = Atmospheric temperature in kelvin

Equation 2: Thermal energy recovered by engine cooling and exhaust gases: Total thermal energy recovered from
engine cooling and engine exhaust system is the sum of the heat recovered from the run through cooling
water system in engine block and extracted heat from the engine exhaust gases through the heat
eXChanger Ecw = mepW{Teng.ex.water - Teng.inwater} + mepW{TH.E.ex.Water - TH.E.inwater}kW

Where:

Ecw = Thermal energy recovered by engine cooling and exhaust gases in kW

mw = mass flow rate of cooling water in kg/s

Cow = specific heat of water at constant pressure in kJ/kg.K

Teng.exwater = TemMperature of water at engine outlet in Kelvin
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Teng.inwater = Temperature of water at engine inlet in Kelvin
ThEexwater = Temperature of water at outlet of heat exchanger in Kelvin
Th.Enwater = TEemMperature of water at inlet of heat exchanger in Kelvin

Equation 3: Thermal Energy recovered by VA system: It is also known as refrigeration effect produced by VA
system.

Erer = UA{Tumpient — Tean kW
Where:
Eref = Thermal Energy recovered by VA system in kW
U = Overall heat transfer coefficient in kW/m2k
Tambient = Atmospheric temperature in Kelvin
Tcab = Cabin temperature in Kelvin

Equation 4:Total useful energy for combined cooling, heating & power: Total useful energy output of
CCHP system is calculated as the summation of electrical output, heat recovered from engine cooling
and engine exhaust gases and heat recovered (or refrigeration effect)by VA system.

Etcenp = Electricoutput + Eg,, + EropkW
2.2. Experimental optimization of the trigeneration system

Exhaust gas from engine was passed through the VA system for space cooling. In the trigeneration or
CCHP mode, cooling water after extracting heat from engine block was designed to pass through the
heat exchanger, where the other fluid was exhaust gas coming out from VA system generators. For the
optimization of trigeneration system in CCHP mode, different VA units were operated one by one to
obtain the best energy output in terms of space cooling and water heating.

It was observed that initially when only one VA unit was in operation, temperature of gases coming out
from VA system generator and passing through the heat exchanger was 1250C at 1000 W and 2300C
at full engine load i.e.3700 W. Similarly, the temperature of gases coming out from VA system generators
and entering the heat exchanger was found to be 950C at 1000 W and 210 0C at full engine load, when
the two VA units were in operation. It was also observed that if one or two VA units were in operation,
then no space cooling effect was produced. Though the evaporator temperature of both the VA units
(when only two VA units were in operation) reached 20C at full engine load, but it was still not sufficient
to produce a cooling effect in the cabin. The total amount of heat recovered from engine exhaust and
engine cooling system was 1.828 kW at 1000 W load and 4.510 kW at 3700 W engine load when only
one unit of VA system was in operation and total amount of heat recovered from engine exhaust and
engine cooling system was 1.70 kW at 1000 W load and 4.389 kW at 3700 W engine load when two VA
units were operated. Fig. 2 shows the variation of heat from engine coolant and engine exhaust with
engine load in CCHP mode when one and two VA units were in operation.
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Fig.2 Variation of heat from engine coolant and engine exhaust with engine load in CCHP mode when
(a) One VA unit and (b) Two VA units were in operation

When three units of VA system were in operation, then the temperature of gases coming out from VA
system generators and entering the heat exchanger varied from 810C to 2000C with the variation of
engine load from 1000 W to 3700 W. In that situation space cooling effect was observed only at full
engine load. In the beginning, only the top left generator was operated, keeping rest of the generator
valves closed. When the temperature of top left generator reached about 1000C, then the valve of top
right generator of VA system was opened. In that condition, both, top left and top right units were in
operation. Similarly, different permutations and combinations were applied for valves to be operated
depending on the temperature condition of each VA unit’s generator. There were total 7 combinations
for operation of VA units when three VA units were in operation. If G1, G2, G3 and G4 are considered
as the top left, top right, bottom left and bottom right generators respectively and similarly E1, E2, E3
and E4 are considered as the top left, top right, bottom left and bottom right evaporators respectively,
then the observed sequence of operation of VA units, when 3 VA units are in operation, is given in table
1. At full engine load, when the three VA units were in operation, temperature difference of 4.50C was
obtained between cabin and ambient. In that condition, cooling effect produced by VA system was 166
W at full engine load. The total amount of heat recovered from engine exhaust and engine cooling
system varied from 1.58 kW at 1000 W to 4.26 kW at 3700 W. Fig. 3 shows the variation of heat from
engine coolant and engine exhaust with engine load in CCHP mode when three VA units were in
operation.

Table 1 Sequences of operation of VA units when three VA units were in operation

S. No. 1 2 3 4 5 6 7

Sequences of operation G, G1, G G, Gy, Gs Gs Gy, G3 Gy, G, and G3
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Fig.3 Variation of heat from engine coolant and engine exhaust with engine load when three VA units
were in operation

When all the four units of VA system were in operation, then temperature of gases coming out from VA
system generators varied from 700C to 1850C with the variation of engine load from 1000 W to 3700
W. There were total 15 combinations for operation of VA units when all the four VA units were in
operation. The observed sequence of operation of VA units, when 3 VA units were in operation, is given

in table 2.

Table.2 Sequence of operation of VA units with all 4 units to reach steady state condition

S. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Gl | &2 | &1, | 1, | G

Sequence of Gl G2 G3 Gl G2 G1 ' ' ' ' G2
. Gl ' G2 ‘| G3 | G4 y ’ ’ G2, G3, G3, G2, '
operation G2 G3 G4 G3 G4 G4 G3 G4 G4 G4 ((3;?:1

At full engine load, when all four units of VA system were in operation, remarkable temperature
difference between cabin and ambient was obtained i.e. 6.50C. In that situation, cooling effect produced
inside the cabin by VA system was 240 W at full engine load. The total amount of heat recovered from
engine exhaust and engine cooling system varied from 1.46 kW at 1000 W to 4.19 kW at 3700 W. Fig.
4 shows the variation of heat from engine coolant and engine exhaust with engine load in CCHP mode

when all the four VA units were in operation.

_A

——
engine coolant

4~ -E-Heat
/ engine exhaust
/ / —4—Total heat

Heat (th)

Load (kW)

Fig.4 Variation of heat from engine coolant and engine exhaust with engine load in CCHP mode when
all four VA units were in operation
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Hence, with only one or two units of VA system in operation, only power and heating effect were obtained
and no cooling effect was produced. Whereas, when either three or four units of VA system were in
operation, it produced combined cooling, heating and power effect. Thus, trigeneration requirement was
fulfilled when three or four units of VA system were in operation. Fig.5 shows the variation of total useful
output with the number of VA units in operation at full load. From the figure, it was observed that total
useful power output was 8.26 kW at full engine load when only one unit of VA system was in operation.
Similarly, total useful power output was 8.13 kW at full engine load when two units of VA system were
in operation. In both the situations, only power and heating effects were produced. Total useful output
was 8.176 kW and 8.13 kW when three units and four units of VA system were in operation respectively.
The cooling effect was more when all the four units of VA system were in operation. Thus, although total
useful output was more when 3 units of VA system were in operation compared to that when all 4 units
of VA system were in operation, however, cooling effect was substantially higher with 4 units compared
to that with 3 units of VA system.

m Power

= Heating

m Refrigerati
on

Total useful energy output
(kW)

VA units in operations
Fig.5 Variation of total useful energy output for different no. of VA units in operation

3. CONCLUSIONS

It can be safely concluded that in this size of set-up, using 3 units of VA system (i.e. approx. 150 litres)
generates an optimized trigeneration system. However, if more cooling effect is desired, then all four
units of VA system should be put into operation, though sacrificing some output in terms of water heating.
It is important to mention that the optimum results were obtained using the suggested sequence of
operation of various units of the VA system.
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303: Performance assessment of residential scale
solar driven adsorption cooling system in hot arid
areas and gained operational experiences
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This study present performance assessment of residential scales solar thermal driven adsorption cooling
system as well as the gained operational experiences installed at Assiut, Egypt (hot arid and dusty
climate) and in operation since summer 2012. The system consists of the following main components:
evacuated tube solar collector field with apparent area of 36 m2 modified with back high reflective
parabolic surface under the vacuum tubes, adsorption chiller of 8 kW nominal cooling capacity (silica
gel-water), hot water storage buffer of 1.8 m? effective volume and cold water storage tank of and 1.2
m?3 effective volume, 34 kW or 50 kW capacity wet cooling tower, two 4.5 kW capacity fan-coils, energy
saving pumps, expansion tanks, backup gas water heater, controllers, measuring sensors and data
acquisition system with impeded controller. The results show that: The daily solar collector efficiency
during the reported period of system operation ranged from about 50 % to 78 %. The chiller average
COP was ranged from 0.4 to 0.64 with average chilling power ranged from 3. 6 to 6.42 kW, the average
cooling water temperature outlet from the cooling tower ranged from 31.4 °C to 23.4 °C and the average
chilled outlet water temperature from the chiller ranged from 19 °C to 12.12 °C. For the cooling session
of 2012 cooling water outlet temperature from the cooling tower of 31 °C, which is higher, the city water
at temperature of 27.5 °C was used to cool the chiller directly and this experiment leads to enhancement
the chiller COP by 40 % and the chilling capacity of the chiller by 17 %. In the cooling session of 2014
a 50 kW cooling capacity wet cooling tower is integrated in the system and the measurements show
that the outlet cooling tower water temperature is about 23.4 °C at ambient air dry bulb of 35.7 °C and
Wet Bulb temperature of about of 19 °C. Consequently, the chiller cooling capacity reach around 6.42
kW and COP was about 0.64 and chilled water temperature was 15 °C. As the heat rejection from the
system has a major impact on the system performance in hot arid area, therefore, the re-cooling system
should be based on alternative heat sink recourses techniques.

Keywords: Solar cooling system; Small scale adsorption chillers; Operational experiences
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1. INTRODUCTION

Energy demand in Egypt is higher than production and represents one of the barriers for further
development. This shortage is larger during summer time due to extra energy demand required to drive
vapour compression air conditioners to cover the buildings cooling load demand. Enteria and Mizutani
(2011) reported that conventional air conditioning systems(A/C) has a large contribution to the buildings
energy consumption and represent more than 70 % of building energy consumption in the Middle East.
In addition, the role of those A/C system refrigerants in the harmful emissions leads to the greenhouse
gases effect, while, few of those systems refrigerants contribute in depletion of the ozone layer.
Nowadays there are many green technologies have been used in air conditioning systems that utilize
the renewable energy resources as an alternative drive solution for reducing conventional energy
consumption and the harmful gasses emissions. Solar cooling systems are one of these technologies,
which gain its importance from being a significant application for solar energy. This is due to fact of
coincidence of cooling load time distribution with the incident solar radiation profile. Egypt is located
mostly in Sun Belt and classified geographically as hot arid area with one of the world highest solar
radiation intensity in Upper Egypt, therefore, the buildings need higher cooling. Therefore, solar driven
cooling system can be an alternative technologies to utilize the available solar energy resource to drive
a cooling machines required to cover a building cooling load demand. Solar driven or assisted cooling
systems can be classified into two main categories: electrically driven and/or thermally driven systems.
Solar electrically driven systems use the Photovoltaic (PV) technologies to convert portion of solar
radiation spectrum into electrical power, which is mostly used to drive the compressor of vapour
compression refrigeration machine. While, solar thermal driven cooling system are using the thermal
energy collected by solar collectors field to the cooling machine such as sorption chillers or ejector
systems. Solar thermal driven cooling sorption systems are classified into three main categories:
absorption, adsorption, and desiccant cooling systems. Henning ( 2007) cited that the absorption cooling
systems are the most widely used in case of solar thermal driven technology represent 59 % of the solar
thermal driven cooling systems installed in Europe while the adsorption solar driven cooling systems
represent 11 % and desiccant solar driven cooling systems represent 23 %. The absorption cooling
systems have a higher specific cooling power and Coefficient of Performance COP than adsorption
cooling systems. However, adsorption-cooling systems can run at low temperature level heat source
started from 55 °C. Despite this fact the adsorption cooling systems advantages over the absorption
cooling systems which are it doesn’t need a liquid pump, has no crystallization problem at the beginning
of the cooling session, noiseless and most of the commercial systems has environmental friendly
refrigerants, that can the designer recommend solar driven adsorption cooling system for use in
domestic buildings sector. Balaras et al., (2007) and Wang and Oliveira (2006) reported that for small
cooling capacity adsorption chillers, solar cooling systems are thought to be more promising in mini-type
building air conditioning systems. There are many operating parameters affecting on the performance
of the solar driven adsorption cooling system. It may be seriously affected by the temperature variations
of the driving heat source due to changes in the solar radiation intensity throughout the day. Wang et al.
(2008) experimentally investigated the influences in variation of drive heat source temperature on the
performance of the adsorption chiller. They reported that the rapid changing rate in the hot water
temperature lead to large drop in the system cooling capacity and coefficient of performance. Luo et al.
(2010) experimentally investigated the effects of the operating parameters on the performance of a solar
driven silica gel-water adsorption. They reported that the COP and the cooling power of the solar driven
adsorption system could be improved greatly by optimizing the key operation parameters such as driving
temperature, heating/cooling time and chilled water outlet temperature. Zhai et al. (2010) reported that
the solar adsorption cooling system with heat storage operated stably because of the regulating effect
of the heat stored in the hot water tank. Higher initial capital cost is one of the hindrance for widespread
of solar driven cooling technologies in residential buildings sector. In order to be competitive for
integration in residential buildings Clausse et al. (2008) cited that, solar driven sorption systems has to
be as simple as possible to lower their installation cost which is one of their main drawbacks for market
penetration.

Throughout the literature, there are numerous pilot and demonstration solar thermal driven and/or
assisted cooling systems constructed and in operation worldwide. Recently, several cold production
technologies based on solar energy resources are used and developed. Therefore, for further
development and implementation of solar thermal driven cooling systems into the residential sector
market in hot arid areas, it is important to evaluate, report, and interpret the factors influence on
performance parameters of the system as well as the gained operational experiences form a system in
operation under similar operating conditions. In addition, there are remain further research and
development necessity to be based on assessment of the performance parameters and reported
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operational troubles of those solar driven cooling systems operated in hot arid areas. Therefore, this
study aim to report performance assessment as well as gained operational experiences of residential
scale solar thermal driven adsorption cooling system in operation at Assiut, Egypt (hot arid and dusty
climate) since summer 2012.

2. SOLAR DRIVEN COOLING SYSTEM, MEASUREMENTS AND CONTROL, DATA REDUCTION
AND EXPERMENTAL ERROR ANALYSIS

2.1 Solar Cooling System

A hybrid schematic and photos diagram of solar thermal driven adsorption cooling system supplies the
cooling demand for the renewable energy lab of 80 m?2 floor area at the faculty of engineering, Assiut,
Egypt (27.18°N latitude and 31.19°E longitude) is shown in figure (1). The system consists of the
following main components: (1) evacuated tube solar collector field with apparent area of 36 m? modified
with back high reflective parabolic surface under the vacuum tubes, (2) water hot storage (buffer) tank
of 1.8 m? with effective volume, (3) adsorption chiller of 8 kW nominal cooling capacity (tow beds silica
gel-water), (4) cold water storage tank of 1.2 m? effective volume, (5) 34 kW or 50 kW capacity wet
cooling tower for the chiller cooling process, (6) six-energy saving pumps, (7) cooling load with two 4.5
kW capacity fan-coils, (8) intermediate heat exchanger in chiller cooling subsystem , expansion tanks,
backup gas water heater, controllers, measuring sensors and data acquisition system with impeded
controller.

The solar driven cooling system consists of six circuits as shown in figure (1). In this system, the water
is the heat transfer carrier in the system circuits. Each circuit has variable speed pump, water flow meter
and thermal expansion tank(s). The circuits are as follows: solar subsystem circuit that consists of the
collectors’ field and hot water storage tank, the chiller hot water driving energy circuit, which consisted
of the chiller, backup hot water gas heater and the hot water storage tank. The chiller closed loop cooling
water circuit that consists of the adsorption chiller condenser and adsorber and intermediate plate and
frame heat exchanger, he open loop cooling water circuit that consists of the cooling tower and the
intermediate plate and frame heat exchanger. The chiller chilled water circuit that consists of the
adsorption chiller evaporator and the cold water storage tank, the cooling load water circuit that consists
of the cold water storage tank and the fan-coils

The collectors’ field that shown in figure (1) is mounted on the roof of the heat laboratory at Assiut
University, Egypt consists of 36 m2 apparent area of evacuated tube solar collectors modified with back
high reflective parabolic surface under the vacuum tubes. The collators” field is facing south direction
and tilted by 22-degree angle with the horizontal. The field is arranged in two sub-fields each consists
of three parallel arrays and each array consists of set of three collectors connected in series to provide
the required driving heat at specific water temperature.

The adsorption chiller that shown in figure (1) has two-beds of silica-gel with rated cooling capacity of 8
KW at a driving hot water temperature of 85 °C and cooling water temperature of 30 °C as reported by
the manufacture. This chiller can operate with hot water supply temperature ranges from 60°C to 95°C,
and cooling water ranges from 27 °C to 32°C.

The cooling tower shown in figure (1) is installed on of the rooftop of the heat laboratory, and is selected
based on the recommendation of chiller maker when using wet cooling tower with capacity of 34 KW.
This cooling tower as reported by manufacture operates at 24°C air Wet Bulb (WB) temperature and 5
°C range. Water outlet from the cooling tower is used to extract the heat rejected from the chiller through
the intermediate plate and frame heat exchanger connected within the chiller cooling circuit. In summer
2014 higher capacity cooling tower with capacity of 50 KW replaced 34 Kw tower in the system. The
new cooling tower is designed to operate at a condition of 22°C air Wet Bulb (WB) temperature and 5
°C temperature range based on the weather data in system site.

Two water thermal storage tanks as can be seen from figure (1) are designed and constructed. The hot
water storage tank works as a thermal buffer to avoid temperature fluctuation inlet to the chiller and
store the excess hot thermal energy outlet from the collectors’ field. It has effective volume of 1.8 m3
with gross internal dimensions of 1 m inner diameter and 2.75 m height. The cold-water storage tank
has effective volume of 1.2 m? with gross internal dimensions of 0.75 m inner diameter and 2.4 m height.
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Itis the system cold thermal energy storage and buffer to avoid temperature fluctuation inlet to the load
(fan-coils) as well as to store the excess cold energy outlet from the chiller.

Two fan-coils each of 4.8 KW cooling capacity that shown in figure (1) are used to extract the Laboratory
cooling load and they are connected to the cold tank. The covered cooling load is for the renewable
energy Laboratory that has a floor area of 80 m? and height of 3.55 m.

Six variable speed centrifugal pumps were used in the system six circuits as shown in figure (1). The
solar pump in solar collectors’ field subsystem circuit used to flow the water through the solar collectors’
field and hot water storage tank. It is controlled through the control system embedded in the data logger
with a pulse width modulation to change its speed correspondence to the water flow rate with outlet
temperature from the collectors’ field with reference to the set point value. One pump for: the chiller
driving hot water circuit, cooling water circuit, open loop cooling tower water circuit, chiller chilled water
circuit, and those pumps were controlled by the chiller (ON/OFF) control. The chiller and load circuit
pumps were controlled by the controller embedded in the logger.

2.2 Measurements and Control

The solar driven cooling system was fully automated in operation by the embedded controller in the data
logger through computer interface. In addition, the data logger with computer interface was used for
system monitoring and data measurements recording. System operation is done through the following
steps: solar collectors’ field

(6) i (6)

Figure 1: Hybrid schematic and photographs diagram of the main components of the solar cooling system: (1)
collectors’ field (2) hot water storage tank (3) adsorption chiller (4) cold water storage tank (5) cooling tower(s (6)
six-variable speed pumps(7) cooling load- fan coils and (8) intermediate heat exchanger.

heats up the water in closed loop with hot storage tank until the top layers in the storage tank
temperature reach to 65 °C. At this time the control system, send operation signal to start up the chiller
and the rest of the pumps in the system except the cooling load pump. The controller send a signal to
stop the solar pump when the top water layer temperature inside the hot storage tank reaches 95 °C
also in case of the outlet water temperature from the collectors’ field reach 45 °C the solar collectors’
field pump stopped. While the chiller can continue to operate in the system using the hot thermal energy
stored in the hot water storage tank until the inlet temperature to chiller reach 65 °C or less. The pumps
in all other circuits of the system run in similar control strategies. In the system, all temperatures were
measured at specific location for monitoring, control and performance analysis. Temperatures were
measured by temperature sensors type PT1000. The solar radiation flux measured at the collectors
plan with same tilting angle by Pyranometer with accuracy of +0.5% in the measuring range from 0O to
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2800 W/m?, and, 1 % from normalization from O to 70 degree zenith angle. Ambient air relative humidity
(RH) was measured by a humidity sensor with standard signal of 0-10 V correspondence to measuring
range from 0 to 100% with accuracy of = 2 % for the measured values between 30 and 90%. Water flow
rate was measured by pulse meters, where six flow meters were used in the system having measuring
range as follows: from 0 to 6 m3/h for the chiller cooling water and cooling tower circuits While flow
meters with range from 0 to 2.5 m3/h are used in the solar collectors field circuit, the chiller driving hot
water circuit, chiller chilled water circuit and cooling load fan coils circuit. For system control purpose,
the gauge pressure at several points in the system circuits was measured by pressure transducers
having measuring range from 0 to 6 bars.

2.3 Data Reduction

Assessment of solar driven cooling system performance in operation under hot arid climate requires
determination of the chiller driving thermal power, the chiller chilling capacity, and collectors’ filed useful
gained thermal power. The quantities of those parameters are determined as follows:

=mxCpxAT
Where:
— Q= heatrate (kW)
— m= water mass flow rate (kg/s)
—  Cp= water specific heat (kJ/kg.°C)
—  AT=temperature difference ( °C)
Qchw
The chiller coefficient of performance is determined by COP = Q @
hw
Where:
— COP= chiller coefficient of performance
—  Qchw= chiller chilling capacity (kW)
—  Qnw= chiller driving thermal power (kW)
. Qo
The collectors’ field overall efficiency is determined by I = ———
Gt x Acf 3)

Where:

— n= collector field overall efficiency

—  Qu= collectors’ filed output thermal power (kW)

— Gr=total measured incident solar radiation flux on the collectors field surface (kW/m?)
— Ac= apparent total area of the solar collectors’ field (m?)

2.4 Experimental Error Analysis

In this study, the uncertainty in the determined quantities based on the measured values and the
instrumentation accuracy were calculated using the formulas of Coleman and Steele (1999). The
uncertainty reported by the manufacturers’ sheets of the instrumentation used to measure temperature,
solar radiation, water mass flow rates were used in experimental error analysis. Throughout all
experiments, it is found that the average uncertainties are as follows: in the temperature was 0.29%,
heat transfer rates was 4.2%, COP was 4.8% and collectors’ efficiency was 2.6%.

40



ENERGY STORAGE & CONVERSION

3. RESULTS AND DISCUSSION
3.1 System Performance

The solar driven adsorption cooling system is in operation since summer 2012 until now, therefore, large
amount of data and results were obtained. However only sample of performance assessment results for
few days during those years presented and discussed. This has done by selecting performance results
of operation days in the cooling sessions of 2102, 2014 and 2014, respectively. The performance of the
system is expressed in terms of the solar collector field efficiency, cooling tower outlet temperature,
chiller chilling capacity, temperature of chilled water outlet the chiller and the chiller coefficient of
performance (COP). The main weather data affect the system performance from the measurements at
the system site is shown in figure (2). The figure shows the variations of incident solar radiation flux,
ambient air-dry bulb temperature and ambient air relative humidity during selected test days. As can be
seen from figure (2) the measured solar radiation flux around noon at the collectors’ field surface for the
presented days is ranged between 900 to 1000 W/mZ2, ambient air-dry bulb temperature varied between
25 to 50 °C, and the ambient air relative humidity varied between 5 to 73%. The presented measured
weather data clearly indicate that the system site has a combination of weather resources apparently is
ideal for the system to operate efficiently. The measurements also show that for summer 2013 the daily
insolation during the experiments was ranged from 21 MJ/m? to 27 MJ/m? while the maximum ambient
air temperature was ranged from 33.6 to 43.7 “C. Figure (3-a) shows the instantaneous solar collector
efficiency as a function of the mean average temperature of the water inside the collectors the collectors’
filed (Tm), the ambient air dry bulb temperature, and the incident solar radiation on the collector plane
according to ASHARE 93-77 Duffie and Beckman (2006). The presented data are corresponding to the
measured values obtained for 2 hours before and after the noon. Clearly form figure (3-a) the collector
efficiency ranged from 46.7 % to 66.4 % as the inlet water temperature ranged between 56.7 °C and 73
°C, and the outlet water temperature ranged from 67.7 °C to 83.5 °C, ambient air temperature ranged
from 30 °C to 36 °C, the solar radiation flux was between 795 and 991 W/m?2. The figure clearly shows
that the collectors’ field efficiency was almost constant during the day. This is expected for vacuum tube
collectors with a parabolic high reflective surface under the evacuated tubes in collectors. The daily solar
collector efficiency during the reported period of system operation ranged from about 50 % to 78 %.
Assessment of the sub-system components performance is carried out for a moderate weather day of
September 3, 2103 and is presented in figure (3). The figure shows the operational characteristics of
the adsorption chiller that obtained as screen shot from the data logger software. Figure (3-b) shows
screen shot for the driving hot water temperature inlet and outlet from the chiller (HT), chiller cooling
water temperature inlet and outlet from the chiller (MT) and cold-water temperature outlet and inlet to
the chiller.
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Figure 2: Main Weather data affects on the system performance measured in summer days of 2012,
2013 and 2014 (a) incident solar insolation, (b) ambient air-dry bulb temperature and (c) ambient air
relative humidity.
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Figure 3: Sub-system components performance is for September 3, 2103 (a) solar collectors’ field
efficiency, (b) screen shot from the data logger for driving hot water temperature inlet and outlet from
the chiller (HT), chiller cooling water temperature inlet and outlet from the chiller (MT) and chilled water
temperature outlet and inlet to the chiller and (c) screen shot from the data logger for the chiller driving
thermal power, chilling power and heat rejected power (CW power)

While, figure (3-c) shows screen shot for the chiller driving thermal power, chilling power and heat
rejected power (CW power). Clearly, the results shown in figure (3-b and c¢) and figure (4) show that the
chilled water outlet temperature from the chiller began from 20.6 °C decreases with time until 12.17 °C,
while the chiller cooling water temperature changed from 31.4 °C at the beginning to became 26.87 °'C
at the end of this day experiment. The chiller driving hot water temperature was 65 °C at the beginning
of the experiment and reaches to 80.4 °C around noon, and, then decreased again. For that day, the
total driving heat energy supplied to the chiller was about 310

MJ, the solar energy obtained from the collectors’ field was about 439.5 MJ. In that day the collector
field average efficiency was 0.5 and the chiller produced about 136.1 MJ cold energy with chiller daily
COP of 0.44. For the chiller working hours, the average chilling power was about 3.6 kW, which presents
about 45 % of the rated chiller nominal capacity. These results mainly attributed to the higher inlet
cooling water temperature to the chiller to cool both the adsorber and condenser. The overall results of
cooling session for summer of 2012 were as follows: The chiller average daily COP was 0.41 with
average chilling power of 4.4 kW at the cooling water outlet from the cooling tower of 31 °C and the
outlet chilled water temperature was about 19 °C, correspondence to average outdoor ambient Dry Bulb
temperature of about 40 °C and Wet Bulb temperature of about of 21 °C. Therefore, based on cooling
tower outlet water temperature of 31 °C the city water at temperature of 27.5 ‘C was used as the chiller-
cooling medium instead of the water outlet from the cooling tower, and, this process leads to
enhancement the chiller COP by 40 % and the chilling capacity of the chiller by 17 %. In the results of
the cooling session of 2013 presented in figure (4), clearly, it found that dust deposition on the collectors’
tubes and its back reflectors should be cleaned daily, and, the cooling tower could not provide outlet
cooling water less than 32 °C with minimum chilled water outlet from the chiller of 15 °C only at late
afternoon. Therefore, this results lead to the following action. In the cooling session of 2014 a 50 kW
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cooling capacity wet cooling tower is integrated in the system and the measurements show that the
average of the outlet water temperature from the cooling tower is about 23.4 °C at ambient air dry bulb
of 37 °C and Wet Bulb temperature of about of 19 °C. Consequently, the chiller cooling capacity reach
around 6.42 kW and COP was about 0.64 and chilled water temperature was 15 °C.

3.2 Gained Operation Experiences and Recommendations

For further development of solar driven cooling systems to overcome the barriers to enter the market, it
is important to report the gained operational experiences form a system working under real conditions
of hot arid climate. Throughout the four cooling sessions of the recent cooling system operation including
2015 (performance result is not presented in this paper) the following can be reported:

1. Based on the results of the effect of the cooling tower capacity on the obtained results shown in
figure (4), clearly, the heat rejection from the system has the higher impact the performance
parameters of the chiller in hot arid area need further alternative. However, as the water normally is
rare in hot arid areas therefore, the re-cooling system should be based on other heat sink recourses
techniques.

2. The presented results show that the collector field has instantaneous mean efficiency value ranged
from 0.50 to 0.78. These values are less than would be expected from system operating in hot arid
climate condition compared with other vacuum tube collectors’ performance reported in the
literature. This slight degradation on the vacuum tube collectors performance can be explained
based on the visual inspection of the collectors' glass tubes and back reflectors surfaces the clearly
show the dust is deposited and accumulated over the surfaces as can be seen in figure (5-a). This
continues dust deposition and accumulation needs a mechanism for periodical cleaning for
collectors field effective surfaces as the rains on hot arid areas is rare.

3. Outside the cooling demand sessions, the collectors’ field is covered from the sun. However, in
some day wind removes the cover far from the field this followed by the water temperature inside
the collectors’ vacuum tube reach to boiling state and leads to increase the pressure inside the
collectors. In this case, the steam at high-pressure leaks from the piping junctions as can be seen
from figure (5-b) instead of the steam release valve. As the local market not having the accessories
of the domestic heating systems, those junctions are the available on the local market and are based
on gasket for sealing. Therefore, before introducing solar thermal driven cooling technologies to
countries in hot arid area there is a need for establishing infrastructure of supported industries and
skilled staff for such system installation and maintenance.

4. The major challenge facing solar thermal driven cooling systems are higher initial capital cost
compared with conventional cooling system. One-way of cutting costs lay in the solar collection and
thermal energy storage system, which are still expensive and burdensome for public use. Therefore,
solar cooling driven system can be a part of solar water based heating system installed for other
main use and a chiller can be integrated within this system for use excess thermal energy in the
system during summer time.

4. CONCLUSION

This study present the performance assessment as well as gained operational experiences of residential
scales solar thermal driven adsorption cooling system in operation at Assiut, Egypt (hot arid and dusty
climate) since summer 2012. The system consists of the following main components: evacuated tube
solar collector field with apparent area of 36 m? modified with back high reflective parabolic surface
under the vacuum tubes, adsorption chiller of 8 kW nominal cooling capacity (silica gel-water), hot water
storage buffer of 1.8 m? effective volume and cold water storage tank of and 1.2 m? effective volume,
34 kW or 50 kW capacity wet cooling tower for the chiller cooling process, intermediate heat exchanger
in chiller cooling subsystem , two 4.5 kW capacity fan-coils, energy-saving pumps, expansion tanks,
backup gas water heater, controllers, measuring sensors and data acquisition system with impeded
controller. The results show that:

— The daily solar collector efficiency during the reported period of system operation ranged from 50
% to 78 %.

— The chiller average COP was ranged from 0.4 to 0.64 with average chilling power ranged from 3.6
to 6.42 kW, the average cooling water temperature outlet from the cooling tower ranged from 31.4
°C to 23.4 °C and the average chilled outlet water temperature from the chiller ranged from 19 °C
to 12.12 °C, respectively.
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Figure 4: Operational characteristics of the adsorption chiller for some days in cooling
sessions of 2012, 2013 and 2014 (a) chilling power produced by the chiller, (b) chilled
water temperature outlet from the chiller and (c) chiller coefficient of performance.

(@) (b) (c)
Figure 5: Photographs of (a) dust accumulation on the collector filed effective surfaces
and (b), (c) steam leaks from the piping junction

— For the cooling session of 2012 cooling water outlet temperature from the cooling tower of 31 °C,
which is higher, the city water at temperature of 27.5 °C was used to cool the chiller directly and
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this experiment leads to enhancement the chiller COP by 40 % and the chilling capacity of the
chiller by 17 %.

— Inthe cooling session of 2013, clearly, it found that dust deposition on the collectors’ tubes and its
back reflectors should be cleaned daily, and, the cooling tower could not provide outlet cooling
water less than 32 °C with instantaneous minimum chilled water outlet from the chiller of 15 °C only
at late afternoon.

— In the cooling session of 2014 a 50 kW cooling capacity wet cooling tower is integrated in the
system and the measurements show that the outlet cooling tower water temperature is about 23.4
°C at ambient air dry bulb of 35.7 °C and Wet Bulb temperature of about of 19 °C. Consequently,
the chiller cooling capacity reach around 6.42 kW and COP was about 0.64 and chilled water
temperature was 15 °C.

— The heat rejection from the system has the higher impact the performance parameters of the chiller
in hot arid area, therefore, the re-cooling system should be based on other alternative heat sink
recourses techniques

— Before introducing solar thermal driven cooling technologies to countries in hot arid area there is a
need for establishing infrastructure of supported industries and skilled staff for such system
installation and maintenance.

— Due to higher initial capital cost of solar driven cooling systems compared with conventional one
for use in residential building sector. Therefore, solar cooling driven system can be a part of solar
water based heating system installed for other main use and a chiller can be integrated within this
system for use excess thermal energy in the system during summer time.
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At present, due to high energy saving potential adsorption heat transformers (AHTs) — chillers and heat
pumps - are considered as promising alternative to compression systems. Development of new efficient
adsorbents of water and methanol specialised for AHT can essentially advance this emerging low-
carbon technology. This work addresses the synthesis and study of novel composite sorbents based on
inorganic salts inside pores of an anodic aluminium oxide (AAO) consolidated with aluminium support.
The AAO texture is modified by varying the electrolyte nature (H2SO4, H3PO4, H2C204) and the
current-voltage characteristics during the synthesis, and its duration. The AAO layer thickness reaches
350 [Im that is superior to appropriate data presented in the literature. The AAO pore diameter can be
intently varied from 30 to 70 nm, and the pore volume - between 50 and 170 cm3/m2 of the Al plate.
CaCl2 and LiCl are confined into the AAO pores to increase the sorption capacity that rises up to 23 and
84 g/m2 of the plate for water and methanol, respectively. The amount of sorbates exchanged under
the working conditions of a typical air conditioning cycle reaches 13 and 30 g/m2. The composites
cooling capacity is estimated as 27-30 kJ/m2. Dynamics of water sorption was investigated by Large
Temperature Jump method, imitating conditions of the isobaric stages of real AHT cycle. The desorption
runs are found to be extremely fast and ensure the maximal power of 17 kW/m2. The results obtained
have clearly demonstrated that a) these new materials can be interesting for making compact AHT units
with short working cycles, and b) more R&D effort are necessary for further progress towards practical
implementation.

Keywords: anodic aluminium oxide, adsorption heat transformation, energy efficiency
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1. INTRODUCTION

Due to high energy saving potential and usage of environmentally benign working fluids adsorption heat
transformers (AHTS) driven by low temperature heat are considered promising for cooling/heating.
(MEUNIER, 2013: page 830). For successful implementation of AHTS, further improvement of
transformation efficiency (Coefficient Of Performance, COP) and, especially, its Specific Cooling Power
(SCP) is necessary. The SCP is essentially determined by a coupled heat and mass transfer in the
“adsorbent — heat exchanger” unit (ARISTOV, 2009: page 675). An anodic aluminium oxide (AAO),
produced by direct electrochemical oxidation of the surface of aluminium heat exchanger, is one of the
possible solutions to enhance the SCP. Indeed, almost straight cylindrical pores of AAO are expected
to promote mass transfer in the AAO layer, whereas a tight contact of the layer with the Al support can
facilitate heat transfer. Filling of the pore space with an inorganic salt forming complexes with sorptive
was suggested to increase the sorption ability of common adsorbents. Such Composites "Salt in Porous
Matrix (CSPMs) are surveyed in (GORDEEVA, 2012: page 288). Thus, it was expected that the
combination of two main AHT components, namely, the heat exchanger and adsorbent bed into a single
physical and chemical structure can increase the AHT power. The synthesis of composite sorbents of
water based on calcium chloride inside the AAO pores was first reported in (KUMITA, 2013: page 1564,
SUWA, 2014: page 602). The AAO layers synthesized in aqueous solutions of sulphuric and oxalic acids
as electrolytes exhibit the thickness < 100 ym and the pore diameter d =5 - 40 nm.

The aims of this work were (a) further elaboration of the AAO synthesis procedure to optimize AAO
texture parameters important for AHT applications (layer thickness, pore size and volume); (b)
preparation of composite sorbents based on CaClz and LiCl inserted inside pores of the synthesized
AAO layers; (c) studying equilibrium and dynamics of water and methanol sorption on the new AAO
materials, and (d) evaluation of their feasibility for adsorptive air conditioning.

2. EXPERIMENTAL

The AAO layers were synthesized by electrochemical oxidation of a flat aluminium plate (thickness 0.5
mm, surface area 5-16 cm?, purity 99.999 % Aldrich). The main components of an electrochemical rig
(Figure 1) were: a power supply source able to maintain a constant current of 1 A or constant voltage
up to 300V, digital voltmeter (+0.1V), digital ammeter (0.1 mA), carbon cathode, and aluminium anode
(the Al plate to be oxidized).

Figure 5: The scheme of the experimental setup for anodic alumina synthesis: 1 - power supply, 2 -
digital voltmeter, 3 - digital ammeter, 4 — carbon cathode, 5 - aluminium anode, 6 - J-type
thermocouple (#0.5<C), 7 - temperature-controlled electrochemical cell , 8 - liquid thermostat, 9 -
magnetic stirrer.

In addition to sulphuric and oxalic acids used in the papers mentioned above, several preparation runs
were performed in aqueous solution of phosphoric acid H3PO4. The electrolyte solution placed into
temperature-controlled electrochemical cell (volume 170 or 500 cm3) was intensively stirred by a
magnetic stirrer. During the Al oxidation, the main process characteristics (voltage, current, and
temperature) were recorded by a data acquisition system. One side of the aluminium plate was protected
from the oxidation. The AAQO plates prepared were washed out with distilled water and dried at 160°C.
To intently change the AAO textural characteristics, voltage, current density, synthesis temperature and
time were varied in a wide range. Optimal values of the first three parameters were preliminary
determined and then maintained constant (Table 1), whereas the synthesis time ts was varied.
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Table 3: Experimental conditions of AAO synthesis.

Electrolyte Voltage, V Current density, mA/cm? Temperature, °C
H2S04 (Wt. 20%) 30 20, 26 11
H2C204 (Wt. 4%) 40 8 11
HsPO4 (wt. 3%) 185 8 25

Texture characteristics of the synthesized AAO were studied by low temperature nitrogen adsorption
using a surface area analyzer NOVA 1200e. The scanning electron images were obtained with a
scanning electron microscope JEOL JSM-6460. The composition of the samples was monitored using
energy-dispersive X-ray spectroscopy (EDX). Since the porous AAO layer was inseparably consolidated
with the aluminium plate, all AAO characteristics were related to a unit area of the plate (e.g. pore volume
in [cm3m?], etc). The salt (CaCl: or LiCl) was introduced into the pores by wet impregnation of the dry
AAO with an aqueous solution of appropriate salt under vacuum. After the impregnation, the plate was
rinsed out with distilled water in order to remove the excess of the solution from external surface of the
AAO and then dried at T=160°C for 12 hrs. The salt content of the composites was calculated from the
increase in the plate weight after the layer impregnation and drying. The composition of selected
samples described in this communication is presented in Table 2.

Table 2: The composition of the synthesized composites.

Sample AAO(S)/CaCl, AAO(Ox)/CaCl, AAO(OX)/LICl AAO(Ph)/LICI
Electrolyte H2SO4 H2C204 H2C204 H3POq4
Salt CaClz CaClz LiCl LiCl
Mass of salt, g/m? 21 40 40 60
Porosity 0.3 0.5 0.5 0.7

Sorption equilibrium of the new composites with water and methanol vapours was studied by
thermogravimetric method using a Rubotherm thermal balance (accuracy +0.00002g). Sorption isobars
were measured in the temperature range T=28-150°C at the vapour pressure P(H20) = 12.3 mbar, or
P(CHsOH) = 72.8, 127.5, and 214.6 mbar. Sorption dynamics was studied by a Large Temperature
Jump method (LTJ) (ARISTOV, 2008: page 4966, GLAZNEV, 2009: page 1774) which closely imitates
the isobaric stages of AHT cycle. To initiate the vapour adsorption, the Al plate was subjected to a fast
temperature drop from 66°C down to 30°C at P(H20)=12.3 mbar that is a saturated pressure of water
vapour at 10°C. For desorption runs, a fast T-jump from 46°C to 90°C at P(H20)=42.4 mbar (Tcon=30°C)
was realized. These boundary temperatures correspond to a typical cycle of adsorptive air conditioning
(GLAZNEV, 2009: page 1774). The adsorption dynamics was characterized by the dimensionless
conversion y=AwW/AWt «.

3. RESULTS AND DISCUSSION

The sorption properties of CSPMs were shown to be affected strongly by porous structure of the host
matrix (GORDEEVA,2012: page 288). For this reason, the detailed study of AAO texture (layer
thickness, pore size and volume) as function of the synthesis conditions was carried out. Then, selected
AAO layers with the best texture characteristics were impregnated with the salts. Equilibrium and
dynamics of water and methanol sorption were studied under the temperatures and pressures typical of
adsorptive air conditioning cycle. On the base of the data obtained, the specific cooling capacity and
power reached by using the new composite layers were evaluated and comparison with common
adsorbents was made.

3.1 Texture Properties of the AAO Layers

The data on composition of the AAO layers prepared with different electrolytes (Table 3) show that
besides aluminium and oxygen all the samples contain 1-3 wt.% of S and P, that could come to the layer
from the appropriate electrolyte. Quite large amount of carbon (12-22 wt.%) in all the AAOs is likely to
originate from the carbon cathode.
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Table 3: The composition of AAO obtained in different electrolytes.
Atomic percent

Electrolyte H2SO4 (wt. 20%)

C O Al S
12 62 23 3
Electrolyte HsPO4 (wt. 3%)
C o Al P
19 56 24 1

Electrolyte H2C204 (wt. 4%)
Cc O Al -
22 57 21 -

A practically interesting sorption capacity of CSPMs can be obtained if the volume of the matrix's pores
is large enough to accommodate inside an ample quantity of the active salt (GORDEEVA,2012: page
288). Therefore, maximizing the AAO pore volume is an important target of the synthesis procedure that
can be done by increasing the AAO layer thickness L and the diameter d of its pores. Both these
parameters depend on the electrolyte nature and electrolysis duration ts. At ts < 80 h the layer thickness
and the pore volume growth at the increase in the oxidation duration. The further prolongation of the
oxidation (ts > 85 h) does not affect the AAO layer thickness (Figure 2). The observed quasi steady-
state process is likely to set in when the growth of AAO layer from the aluminium side is compensated
by its partial dissolution in the acid electrolyte from the oxide side. The maximum (or steady-state) AAO
thickness (150, 180, and 350 um) is achieved at ts = 6, 70, and 86 h for sulphuric, phosphoric and oxalic
acids, respectively.
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Figure 2: Dependence of AAO layer thickness (@) and pore volume (A) on the electrolysis duration in
oxalic acid.

The pore size of the AAO layers depends on the electrolysis duration as well. When the electrolysis
duration in oxalic acid is less than 50 h, the uniform pores of 70 nm diameter form throughout the whole
layer (Figure 3 a, b ). Further increase in the electrolysis duration causes the formation of larger pores
of several micron size in the vicinity of the AAO external surface (Figure 4 a, b) that can be a result of
the layer partial dissolution in the electrolyte.

28kU X18¢ 85 12 SEL 2k | Kag =T es 28 SE1

Figure 3: SEM images of the cross-cut section of the AAO layers prepared in oxalic acid: a)
magnitude 100, b) magnitude 30000.
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Figure 4: SEM images of the external surface of the AAO layers prepared in oxalic acid. The
electrolysis time 50 h (a) and 70 h (b).

In sulphuric acid, at ts < 4 h the uniform pores of 40 nm diameter are observed (Figure 5 a), while the electrolysis
prolongation up to 6 h leads to the formation of micron sized pores at the external surface of the AAO layer (Figure
5 b).

Figure 5: SEM images of the external surface of the sample obtained in sulphuric acid, the electrolysis
time 4 h (a) and 6 h (b).
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Figure 6: SEM imaes o the cross—usection of the layers prepared in phosphori aci, a) the cross-
cut end, b) the external surface.

In the phosphoric acid, AAO layers with larger pores of 300-400 nm size are observed (Figure 6) that
agrees with the data of (MARTIN, 2012. page 311).

The thickest AAO layer with the largest pore volume (170 cm®/m?) was prepared in phosphoric acid
(Table 4). The usage of H2C204 leads to the formation of AAO with somewhat lower thickness and pore
volume, while in sulphuric acid the layer with the lowest porosity was obtained (Table 4). The maximum
pore volume for layers synthesized in oxalic and sulphuric acids is 100 and 50 cm3®m?2. Both thickness
and pore volume of the new AAO layers exceed appropriate values estimated for the AAO layers
obtained in (KUMITA, 2013: page 1564, SUWA, 2014: page 602).

Table 4:Textural characteristics of the synthesised AAO layers and the layers described in the

literature
Layer tSrlgkness, Pore volume (Vpore), cm3/m?

AAO (H2S04 (wt. 20%)) 150 50

AAO (H2C204 (Wt. 4%)) 180 100

AAO (HsPO4 (wt. 3%)) ~ 180-400 (100-170)

(H2S04) (KUMITA, 2013: page

1564) 100 38

g;zzc):zoo (SUWA, 2014: page 100 30
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3.2 Adsorption Properties of the Composites “salt/AAO”

As mentioned above, larger pore volume of the new AAO layers allows preparation of composites with
larger salt content inside the pores that promotes their higher sorption ability. For this reason, the AAO
layers with the largest porosity prepared in phosphoric acid, are expected to be the most advantageous
for the composite synthesis. However, the sorption ability of the composites based on these AAO layers
is negligible. The probable reason is an interaction of the salt with the P-containing AAO surface groups
that results in the salt deactivation. Therefore, the AAO layers synthesised in sulphuric and oxalic acids
were used for the composites preparation. The SEM images of the layers (Figures 7 a and b)
demonstrate that the salt is spread as a thin even layer on the internal surface of the AAO indicating the
strong adhesion between the salt and the AAO surface. No bulky salt particle is observed on the external
AAO surface. The maximum specific salt content (40 g/m2) is found for the layer synthesized in oxalic
acid (Table 1). This correlates well with the largest specific pore volume of this layer.

1 \ i \
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Figure 7: The éaple prepared in H2C204, a) AAO(Ox), b) AAO(OX)/LICI.

Water sorption isobars of AAO(Ox)/CaCl2 and AAO(S)/CaCl2 are smooth curves with the uptake
gradually rising at low temperature (Figure 8 a). For both composites, no sharp steps corresponding to
mono-variant formation of various CaCl2-nH20 crystalline hydrates (n = 0.33, 1, 2, and 4) are observed
as reported in the literature for many CSPMs (GORDEEVA, 2012: page 288). This probably indicates a
strong interaction between the salt and AAO surface (GORDEEDA, 2006: page 685) that agree with the
SEM data. The water sorption capacity of AAO(Ox)/ CaCl2 reaches 23 g/m2 that is somewhat higher
than the capacity of the composite AAO(S)/CaCl2 (16 g/m2). It is probably due to the fact that the
calcium chloride content in AAO(Ox)/CaCl2 is larger than in AAO(S)/CaCl2 (Table 2). These capacities
correspond to 4.7 mol/mol for AAO(S)/CaCl2 and 3.1 mol/mol for AAO(Ox)/CaCl2. The former value is
close to the equilibrium sorption of a bulk CaCl2 under similar conditions (5.0 mol/mol), whereas the
latter is significantly lower. It may indicate that some part of the salt inside the AAO(Ox) pores is
deactivated or blocked, so that it can not sorbs water vapour. Probably, calcium cations react with the
acidic surface centres during the Al oxidation that results in the formation of the CaC204 and CaS0O4,
which are not (or less) hydroscopic than a neat CaCl2.
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Figure 8: a) Water sorption on AAO(Ox)/CaCl, and AAO(S)/CaCl;, P(H20)=12.3 mbar, b) Methanol
sorption on AAO(OX)/LICI.

Isobars of methanol sorption on the composite AAO(Ox)/LICl are very sharp at lower temperature
(Figure 8b). This can be related to the formation salt-methanol complex according to the reaction LiCl +
3CHsOH = LiCl3*3CHsOH known from the literature (GORDEEVA,, 2008. Page 254). Indeed, the
methanol sorption capacity of AAO(Ox)/LiCl reaches 84 g/m? that corresponds to 3.3 (mol CHzOH)/(mol
LiClI).
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3.3 Evaluation of the Cooling Capacity of the Composite Sorbents

Isobars of the methanol sorption on AAO(Ox)/LICl measured at various temperatures coincide in the
coordinates "sorption capacity - free sorption energy AF" (Figure 9a). Hence, the sorption is a unique
function of just one parameter (AF) instead of the common two (T and P), that is in complete accordance
with the Polanyi principle of temperature invariance (POLANYI, 1932: page 316). Hence, a model
adsorptive air conditioning cycle can be plotted by means of an express method suggested in
(GORDEEVA, 2010: page 2703)
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Figure 9: a) Methanol sorption on AAO(Ox)/LIC as function of the free energy AF, b) the AHT cycle
(Tev =10 C Tey = 30 C Tey = 90 C) plotted for the working pair "methanol- AAO(Ox)/LICI".

This cycle (Figure 9b) is typical for adsorptive air conditioning driven by low temperature heat (the
evaporator, condenser and desorption temperatures are Tev = 10°C, Tcon= 30°C, Treg = 90°C). The rich
and weak isosters (lines 1-2 and 3-4 on Figure 9b) correspond to the free sorption energy 2.7 and 7.6
kJd/mol, respectively. The amount of cold that can be produced (the Cooling Capacity, CC) is estimated
according as (Equation 1):

Equation 1: Specific cooling power. CC = (W, —W,;,) - AH

Where:
— AH =the heat of sorbate evaporation
—  Wmax, Wmin = uptake for reach and weak isosters respectively [g/m?]

For AAO(Ox)/LIClI, the amount of methanol exchanged along the considered cycle equals 30 g/m? and
appropriate CC = 30 kJ/m2. For water as a sorptive, the free sorption energy corresponding to the rich
and weak isosters is 3.2 and 8.6 kJ/mol, respectively, and along the cooling cycle the AAO(Ox)/CaCl2
composite exchanges 13 g H20/ m? that corresponds to a CC-value of 27 kJ/m?2.

3.4 Dynamics of Water Sorption

Kinetic experiments were carried out by the LTJ method simulating the adsorbent dynamic behaviour
under boundary conditions of the AHT cycles described above. The desorption run is found to be
extremely fast (Figure 10). E.g., the time tos corresponding to a dimensionless conversion of 0.8 is
short (c.a. 20 s), therefore the initial power consumed for desorption is very high (Wmax = 17 kW/m?) that
clearly demonstrates a very fast heat transfer in the sandwich structure “Al plate — AAO”. This is probably
due to the fact that the oxide layer is tightly attached to the metal plate so that the contact heat resistance
between them is low. Namely the contact resistance is commonly responsible for low heat transfer rate
between a granulated adsorbent bed and heat exchanger walls. The overall heat transfer coefficient a
can be estimated from the initial power Wmax as suggested in (GLAZNEV, 2010: page 1893), a = 380
W/(m2K) that is larger than those reported in the literature. Thus, a fast heat transfer to the layer of
porous aluminium oxide is an important advantage of the new composites.

The adsorption run is much longer, the time tos equals 210 s. Longer adsorption runs were observed
for water and methanol adsorption on different adsorbents (silica gel Fuji RD, FAMZ01, activated carbon
ACM-35, as well as composite sorbents “salt in porous matrix’(GLAZNEV, 2010: page 1893,
GORDEEVA, 2011: page 1273, ARISTOV, 2013: page 841, GORDEEVA, 2014: page 127). However,
the ratio of typical ad/desorption times was not more than 3-4. A strong deceleration of adsorption
observed for the new material can be caused by a slow mass transport inside the long straight pores of
the AAO. The adsorption is started from the pore space nearby the external surface of the AAO layer
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resulting in the formation inside the pores of hydrated salt, that is either a solid salt hydrate or an
aqueous salt solution. Since the volume of the hydrated salt is larger than that of the anhydrous salt,
this can lead to blocking the pore entrance and strong deceleration of the adsorption. A similar
phenomenon was observed for methanol adsorption on LiCl/silica gel composite studied in
(GORDEEVA, 2011: page 1273). Thus, further optimization of the adsorption dynamics is certainly
required.
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Figure 10: Dimensionless water sorption curves for AAO (Ox)/CaCl,. Solid symbols — adsorption,
open symbols — desorption.

The cycle specific cooling power SCP = Wqg realised within the AHT cycle with 80% of the final
conversion is a relevant parameter for estimating the cycle dynamic efficiency (Equation 2)

0.8-AH - Aw
Equation 2: Specific cooling power. SCP=Wyg=—
Tos

Where:
— AH =the heat of water evaporation at 10°C (2477 J/g water)
- Aw = specific uptake change [g/m?]
— 108 = the total cycle time that corresponds to 80% of the final conversion

For AAO(Ox)/CacCl2, the cycle power is equal to 260 W/m2. This value is much larger that the specific
power of a modern finned flat-tube aluminium heat exchanger studied in (FRENI, 2015: page 1). The
authors reported the volumetric specific cycle power to be 93 W/(dm3 of the heat exchanger). Since the
HEX volume and surface were 1 dm3 and 0.94 m2, the cycle power related to 1 m2 of fins can be
evaluated as 99 W/m2. The results obtained have shown a promising potential for using AAO materials
in adsorption heat transformers, however, further optimization of the process dynamics at isobaric
adsorption stage, is certainly required.

4. CONCLUSIONS

The paper addresses the synthesis and study of novel composite sorbents based on inorganic salts
(CaCl2 and LiCl) located inside the pores of an anodic aluminium oxide (AAQO) consolidated with bulk
aluminium support. These materials are intently designed to improve parameters of adsorptive heat
transformations (AHTS). Variation of the electrolyte nature (H2S04, H3PO4, H2C204), the current-
voltage characteristics of the electrolysis and its duration, allows a target-oriented synthesis of AAO
layers with improved texture characteristics (layer thickness, pore size and volume). E.g., the layer
thickness and pore volume reach 350 um and 170 cm3/m2 of the Al plate that are superior to appropriate
layers presented in the literature. CaCl2 and LiCl confined into the AAO pores significantly increase the
layer sorption capacity with respect to water and methanol (up to 23 and 84 g/m2). These parameters
are interesting for AHT and can be further improved making the confined salt more active or available
for vapours.

Very fast water desorption process was revealed for the synthesized AAO layers that is probably due to
the fact that the oxide layer is tightly attached to the metal plate so that the contact heat resistance
between them is low. The maximal specific power consumed for desorption reaches 17 kW/m2. The
cycle averaged cooling power is much lower (230 W/m2), being, nevertheless, interesting for practical
applications. The lower rate of the isobaric adsorption can be caused by inhibition of the vapour transfer
inside the straight AAO pores due to the pore blockage by the hydrated salt.
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The results obtained have shown an exciting potential of the new AAO layers for adsorptive heat
transformation. Despite the first challenging results, more R&D efforts are still necessary for further
progress towards practical implementation of consolidated salt-AAO-metal units.
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The use of renewable energy in cooling applications plays a key role in solving the problems related to
the energy. Among the thermal energy powered sorption cooling systems, thanks to its operational
features, resorption cooling systems with ammonia-water solution has more technical and economic
advantages than its alternatives. It will significantly enhance the benefits of the use of the resorption
cooling system if the required thermal energy for the system is obtained from the renewable energy
sources or the waste heat. Moreover, reduced maximum temperature of required heat, lower pressures
adjustable by ammonia concentration and supply of cooling energy below 0 °C provide considerable
advantages in residential and industrial cooling applications. Also, the cooling energy can be stored by
the use of ice storage tanks and can be used for cooling when the renewable energy sources are
insufficient to drive the resorption system.

In this study, technical features of the resorption cooling systems were introduced and the system was
compared with the other sorption cooling systems. The cooling applications and the results of the
resorption cooling system were presented and the benefits of the renewable energy and waste heat
powered systems were defined. The results showed that resorption cooling systems have similar COP
values with the conventional absorption systems. Thus, they will have wide spread use in the future
because of their advantages among its alternatives.

Keywords: Resorption, Cooling, Renewable Energy
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1. INTRODUCTION

Obviously the most important problems that mankind have to challenge are related to the energy. Since
these problems are increasing day by day, using clean and renewable energy sources is becoming more
important. Energy requirements for industrial and residential cooling applications account for a large
share of energy consumption, thus using the clean and renewable energy powered cooling system offers
new alternative solutions. Energy consumption and carbon emissions during the summer season rise
due to the cooling demand, and this causes many technical and environmental problems. Thus, solar
cooling applications have become more attractive (Pastakkaya et al., 2012). There are many solar
powered technologies used in cooling applications. Thermally driven sorption cooling systems use
renewable energy such as solar, geothermal and waste heat as well. The operation costs of these
systems are low, compared to the traditional air conditioning systems. Among the thermal energy
powered sorption cooling systems, thanks to its operational features, resorption cooling systems with
ammonia-water solution have more technical and economic advantages than its alternatives. It will
significantly enhance the benefits of the use of the resorption cooling system if the required thermal
energy for the system is obtained from the renewable energy sources or the waste heat. Moreover,
reduced maximum temperature of required heat, lower pressures adjustable by ammonia concentration
and supply of cooling energy below 0 °C, provide considerable advantages in residential and industrial
cooling applications. Also, the cooling energy can be stored by the use of ice storage tanks and can be
used for cooling when the renewable energy sources are insufficient to drive the resorption system.

The International Energy Agency Task 25 “Solar Assisted Air Conditioning of Buildings” (IAE, 1999),
and Task 38, “Solar Air Conditioning and Refrigeration” (IAE, 2006), published several reports regarding
solar assisted cooling and heating applications. Ree and Oostendorp (1980) investigated absorption
and resorption heat pumps using the binary mixture ammonia-water (NH3-H20) and they reported that
the real advantage of the resorption heat pump in comparison with the absorption heat pump is the fact
that, with in certain limits, the pressure can be freely chosen, however, in the case of NHz-H20 the heat
ratio decreases with the pressure. Weimar (2014) presented a thermally driven resorption chiller with
NHs-H20 solution. He reported that resorption technology has many advantages compared to
conventional absorption plants with water as refrigerant and resorption chilling is more reasonable when
process or waste heat is available and at the same time cold is needed. Pastakkaya (2014)
demonstrated a trigeneration application with resorption cooling technology in food industry. He
indicated that using resorption chiller with combined heat power systems (CHP) provides significant
benefits in pasteurization and cold storage of food products besides supplies low-priced electricity for
the processes. Costiuc L. and Costiuc I. (2010) investigated the relative performance of a thermally
activated, environmentally friendly NH3-H20 resorption cooling system. They reported that the system
can be driving at relatively low heat source temperatures such as those achieved by solar collectors and
they also presented the exergetic efficiency and the coefficient of performance (COP) of the system as
a function of the degassing zone and the boiling temperature. Pastakkaya et al. (2013) represented a
resorption cooling system in agricultural cold storage applications. They reported that using resorption
plant as an auxiliary cooling system in cold storage for agricultural applications reduces the energy costs
thus the agricultural production efficiency can be enhanced and energy independence can be improved
by using renewable energy sources.

In this study, technical features of the resorption cooling systems were introduced and the system was
compared with the other sorption cooling systems. The cooling applications and the results of the
resorption cooling system were presented and the benefits of the renewable energy and waste heat
powered systems were defined.

2. METHODS

Resorption cooling cycle is different from conventional absorption cooling cycle in some aspects. Figure
1 illustrates the resorption cooling system with NHs-H20 solution where the ammonia is the refrigerant
and the water is the absorbent. There is a second solvent circuit in the resorption cycle where the
condenser and the evaporator in the conventional absorption cycle are replaced by high pressure
absorber and cold desorber, respectively. Gaseous ammonia is transferred between two ammonia-
water solutions cycles of different concentrations at high and low pressure levels. The ammonia-water
solvent in hot desorber is vaporized by the thermal energy from a heat source such as solar energy or
waste heat. The high pressure absorber in the cold cycle absorbs the solvent vapor evaporated in the
hot desorber. The heat of absorption in the absorbers is rejected by the heat rejection system such as
cooling tower. The solution from high pressure absorber enters cold desorber in low pressure and

59



ENERGY STORAGE & CONVERSION

evaporates. Thus, the cooling energy is provided and can be distributed for cooling applications using a
cold distribution system. The refrigerant vapour at low pressure in the cold desorber is absorbed in the
low pressure absorber and the solution at low pressure in the cold desorber is pumped to high pressure
absorber. There is a mix flow between the cold and hot cycles for an equalization of the concentrations
to avoid an enrichment of the refrigerant in the cold cycle. Compared with conventional absorption
cycles, the pressure levels are lower in the resorption cycle and can be adjusted by the alteration of the
ammonia-water concentrations in both cycles. Therefore the temperature of heat source in the hot
desorber can be reduce to a range of 70 — 90 °C.

Heat Heat
Rejection Source

Heat
Rzjection

COLD CYCLE HOT CYCLE
Figure 6: Resorption cooling cycle

Helle (2014) presented technical features of a resorption plant. She reported that the pressure range in
the cycles varies in the range of 1,3-1,2 bar for the high pressure and 0,5-0,6 bar for the low pressure
while the temperatures in the hot desorber, cold desorber and the absorbers are 70 °C, 5 °C, 20 °C,
respectively. The ammonia concentrations in the low pressure absorber and hot desorber vary in the
range of %35 — 30, in the high pressure absorber and cold desorber varies in the range of % 24 — 15.
Figure 2 presents the maximum cooling capacity and the COP value variation with the maximum
external cooling temperature of the resorption plant while the temperature for heat rejection is 20 °C.
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Figure 2: Maximum cooling capacity and COP value variation of resorption plant (Helle, 2014)

Weimar (2014) demonstrated resorption systems for industrial cooling applications in different cooling
temperatures. He claimed that many industrial applications produce heat that is a perfect source for
resorption cooling such as combined heat and power systems beyond the heating season and biogas
production. He presented a diagram for resorption cooling systems for different cooling temperature
ranges to show the variation of the COP of the system between cooling water temperature and the hot
water temperature, illustrated in Figure 3. COP of the resorption system decreases with the increase in
cooling water temperature. It is essential to use effective components in heat rejection system to
maximize the COP of the cooling plant.
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The COP of the system increases with the increase in cold distribution temperature. Resorption cooling
system can be used in different cooling temperatures in the range of - 5 °C / 12 °C. Higher COP values
can be achieved by higher cold distribution temperatures. If the thermal energy for driving the resorption
plant is derived from the waste heat produced by industrial processes it is possible to set up cost
effective cooling systems for industrial cooling applications. So, even if the COP of the resorption system
is lower than the conventional cooling systems in low temperature cooling applications, resorption
cooling systems provide more benefits than its alternatives because, they used the waste energy for the
cooling.

50 07

45 COP 06

—+— Chiller 6/12°C

—#— Food Refrigeration 0/4°C

COP

—#— |ce Production-5/-1°C

< - Example

Cooling Water Temperature[°C]

Hot Water Temperature[°C]
Figure 3: Variation of the COP of the resorption system (Weimar, 2014)

Since the temperature range of heat source for driving the resorption systems is lower than the
conventional absorption systems, using renewable energy sources or the waste heat is more
advantageous in resorption cooling in terms of technical and economic aspects. Therefore it is possible
to realize more feasible projects for renewable cooling applications. Pastakkaya et al. (2013) presented
Solar Resorption Cooling — SOLARES project illustrated in Figure 4. SOLARES project aims to satisfy
the cooling load in agricultural cold storage application by using a solar powered resorption cooling plant
with a cooling power peak of 5 kW. Five flat plate solar collectors connected in series used as heat
source for hot desorber and an electric heater with 10 kW was used as the auxiliary heater. A cold
storage room with 5 kW cooling load was set up to store agricultural products. There is also a vapor
compression refrigerator in the plant as an auxiliary chiller. A fan coil in the cold storage room was used
as cold distribution system and a wet cooling tower as heat rejection system.

Figure 4: SOLARES project resorption plaht com\ponents

Figure 5 shows the SOLARES resorption unit control system. The resorption cycle is controlled via
computer program and it is possible to examine all temperature and pressure values on the interface.
The resorption unit can be driven manually or automatically. Thus, the system can be operated in
industrial applications effortlessly but in order to start up and stabilize the system, specialization is
required. External lines, heating, cold distribution and heat rejection, temperatures affect the resorption
cooling performance directly. If the heat source temperature driving the hot absorber, is below 70 °C,
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vaporizing of the ammonia-water solution decreases and the system stops cooling. Likewise, if the
temperature of the high and low pressure absorbers increase, the heat of absorption process cannot be
discharged and COP of the system decreases. It is essential to design an effective heat rejection system
for an efficient cooling application and better COP values.

Since the cooling demand increases in daytime, the solar energy is an appropriate energy source for
cooling applications. However, solar energy is affected by weather conditions, and seasonal changes
and can be harnessed only during clear sky hours (Pastakkaya et. al. 2012). So, if the solar energy is
used as a heat source for the resorption cooling unit, an auxiliary heating system is required when the
solar energy is insufficient for driving the hot desorber. It is also essential to use hot water tank as an
energy storage system in solar resorption cooling applications. Geothermal energy at appropriate
temperature range is a more reliable energy source for resorption cooling, since it is not affected by the
meteorological conditions or seasonal changes. But still, the investment costs and availability of the
geothermal sources are the main problems of the geothermal cooling systems.
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Figure 5: Resorption unit control system
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Energy storage with chilled water and ice storage are other options to store energy in renewable cooling
application. While the hot water storage tank experiences considerable heat loss, the chilled water
storage tank has a lower rate of heat gain because of the small temperature difference between the
chilled water tank and its surroundings (Li and Sumathy, 2000). The latent heat of water can be used
for the system if the cooling energy stored in ice. Since the resorption cooling unit uses ammonia as
refrigerant, it is possible to realize cooling applications below 0 °C and ice storage can be used as an
energy storage unit. Thus, energy can be stored in ice form during the off peak periods and using ice
storage units in the cooling plant allows to reduce resorption chiller capacity up to %50.
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Jaehner and Grund (2014) presented Resofreeze, a resorption cooling project with ice storage tanks.
Figure 6 illustrates the Resofreeze project scheme and ice storage units in the plant. Energy storage
system consists of five ice storage tanks with total storage capacity 140 kWh. The cooling energy
performance of the units is 17,5 kW lasting for 8 hours and the cooling capacity of the resorption chiller
is 25 kW. It is possible to supply cooling energy in the range of -6 to +6 °C in the plant and the efficiency
of the trigeneration system can be increased by using the waste heat in the CHP unit, to drive the hot
desorber of the resorption chiller.

Simulation of cooling performance for Resofreeze project was also demonstrated by Jaehner and Grund
(2014). Figure 7 shows the variation of COP of the resorption chiller regarding cooling water
temperature, heating temperature and flow rate of the cold and hot pump. It was concluded that desired
COP values can only be reached by appropriate cooling water temperature in the heat rejection system;
therefore, the operation of a resorption cooling unit in the night time is very efficient. Using resorption
cooling during night time also allows storing energy efficiently in the ice storage tanks and stored energy
can be used as an auxiliary cooling in daytime to satisfy peak cooling demands.
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Figure 7: Simulation results for COP of the resorption chiller (Jaehner and Grund, 2014)

3. RESULTS AND DISCUSSION

Resorption cooling systems with ammonia-water solution have more technical and economic
advantages than its alternatives thanks to its operational features. The temperature range of heat source
is lower than the conventional sorption cooling systems; thus, using solar or geothermal energy at
appropriate temperature range is more advantageous in resorption cooling in terms of technical and
economic aspects. Therefore initial investment and operational costs of the resorption cooling plant are
lower than its alternatives.

Since the operational pressures are significantly lower than the conventional ammonia based absorption
chillers, resorption cooling is safer to use and the risk of the ammonia leakage in the system is reduced.
Wall thickness of the stainless steel pipes and equipment used in the unit are lower as well, due to the
lower operational pressure in the system. Therefore, it is possible to design more compact and cost
effective cooling systems. It also allows realizing more feasible renewable energy powered cooling
projects and decrease the payback time of the system.

The features of the external lines, heating, cold distribution and heat rejection, affect the cooling
performance of the resorption unit, directly. COP of the chiller decreases with the increase in heat
rejection temperature and decrease in the heating and cold distribution temperatures. It is essential to
design an effective external lines for the resorption system to achieve better cooling efficiencies and
better COP values. It will be beneficial to use simulation programs for determining the system features
and optimal design.
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Determining the control strategy of the resorption system is another important design parameter to
achieve better cooling performance and reduce risks of using ammonia. Control system of the resorption
unit enables to examine all temperature and pressure values. It is possible to drive the system manually
and automatically, therefore the system can be operated in industrial applications effortlessly and
efficiently.

Since the resorption cooling unit uses ammonia as refrigerant, it is possible to use ice storage units with
resorption chillers to store energy. Thus, efficient cooling projects with the resorption systems can be
realized with ice storage during the of peak periods. Stored cooling energy can be used as auxiliary to
satisfy peak cooling demands and using ice storage units in the cooling plant allows reducing resorption
chiller capacity.

Renewable energy powered resorption cooling systems enables to design more feasible and cost
effective cooling systems by using clean and renewable energy sources. It provides new solutions for
the technical and environmental problems related to the energy consumption. Using waste heat at
appropriate temperature range as a heat source for the resorption system enables to realize clean and
cost effective cooling applications in industry.

4. CONCLUSION

Renewable energy powered resorption cooling systems has many technical and economic advantages
than its alternatives thanks to its operational features. Using ammonia as refrigerant enables to store
cooling energy by the use of ice storage tanks and can be used for cooling applications, during the
cooling periods that renewable energy sources are insufficient to drive the resorption system. Since the
operational pressures are significantly lower than the conventional ammonia based sorption cycles, it is
possible to realize safer and cost effective projects with the resorption chillers. Consequently, it is
concluded that renewable energy powered resorption systems will have wide spread use in industrial
and residential applications because of their advantages among its alternatives.
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The numerous researches of the Maisotsenko cycle (M-cycle) application for air-conditioning purposes
prove 3 to 10 times (depending on air humidity) energy saving compared to the conventional vapour-
compression systems. Another important value of air-conditioning through the M-cycle is the air
displacement process that serves to supply fresh air into the conditioned premises continuously at the
fixed energy input. Being considered as a pure heat recuperative process, the M-cycle cooling requires
water makeup that is obviously high in the dry climate zones. Conversely, in the humid zones, where
absolute humidity exceeds 11g/kg of the dry air, the M-cycle based air-conditioners are unable to meet
the air dehumidification challenge and require the conventional or state-of-the art technologies to
remove the excess moisture from the processed air before its substantial cooling to the set
temperatures. In order to validate the performance of the M-cycle based air-conditioners in the humid
zones and minimize the overall energy input for cooling and dehumidification processes, a comparative
analysis of the latest desiccant dehumidifiers and ejector cooling systems was performed. The study is
devoted to disclose the pros and cons of the existed schemes of the M-cycle based cooling systems for
the habitant and technological conditions. Alternatively, it was proposed the hybrid M-
cycle/desiccant/ejector air-conditioner that may serve to be one of the most energy efficient cooling
system for the humid climate conditions, where 85% of the world's air-cooling demand is located.

Keywords: M-Cycle, ejector, refrigeration, humid, desiccant
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ENERGY STORAGE & CONVERSION

1. INTRODUCTION

Reducing energy consumption for air-conditioning is a key task, because artificial cold consumes up to
20% of all generated electricity. This number tends to increase for two main reasons: global warming is
most pronounced in countries where the climate was the hottest, increasing and accelerating the
levelling of living standards around the world, and the new technologies development requiring climate
control. M-Cycle and based on it systems development and producing various modifications conditioners
contributes to solve given problem in many ways, but it cannot be recommended in pure form for all
consumers. Therefore, it is necessary to decide on most cost effective options that allow to breakthrough
in the field of air-conditioning.

The attention of researchers and engineers focused today on two main area: conventional vapour-
compression refrigeration units, solid and liquid desiccant dehumidifiers [Buker and Riffat, 2015]. Both
options require additional electricity expenditures as well as heat for recovery absorption capacity of
desiccant in second case [Wani et.al., 2012, Gao et. al., 2014, Buker and Riffat, 2015, Bassuoni, 2011,
Finocchiaro, 2010]. There is provided to consider sorption and jet chillers as an alternative. They
consume significantly less energy and produce cold at the expense of low-grade heat. The source of
this heat can be waste and solar heat.

2. FUNCTIONAL SCHEMES, THERMAL AND HUMIDITY AIR HANDLING.

The first hybrid solution for application range expanding of a new generation M-Cycle air conditioners
was adding vapour compression refrigeration system (VCRC) [Buyadgie et.al, 2011, Gillan, 2008]. That
increased power and material consumption (Figure 1, 2). Vapor compression chiller cold production
equals 10-60% in intermediate moisture zone, where humidity lower than 50-60% and air temperature
30-35°C. However, that value rise up to 80-95% in tropical climate and it is unacceptable.

Condenser

Maisotsenko Cycle HMX
1 ( w 2 Condensing cooler 3

) 2 1l

e R s A
I 7| : ' I

\ J 7
Condensate
I} 5

DA

OA k )

Room

Figure 1. Hybrid M-Cycle/VCRC. 1-2 air-cooling in HMX, 1-6 working air preparing in HMX, 6-7-8
saturating working air with water and heat abstraction, 2-3 recuperative cooling by heating air before it
enters the room 4-5, 3-4 air-cooling in the evaporator of vapour compression system.

An alternative method is to combine the M-Cycle with liquid and solid desiccants. Desiccants actively
absorb moisture from the air when a large difference between the partial pressures, but requires
recovery initial concentration of the solution or the specific moisture content in the sorbent [Gao, 2014,
Buker and Riffat, 2015, Bassuoni, 2011].

In this case, the air cooling in HMX proceeds efficiently, but power consumption for circulating pumps
and rotor, as well as heat for desiccant recovery quite significant (Figure 3).

66



ENERGY STORAGE & CONVERSION

ENTHALPY [kJ/kg]

| \ I Y \
0,000 0,005 0,010 0,015 0,020 0,025 0,030 0,035

HUMIDITY RATIO [kg/kg]

Figure 2. Process chart in M-Cycle/ VCRC.. 1-2 air-cooling in HMX, 1-6 working air preparing in HMX,
6-7-8 saturating working air with water and heat abstraction, 2-3 recuperative cooling by heating air
before it enters the room 4-5, 3-4 air-cooling in the evaporator of vapour compression system.
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Figure 3. Combined Solid desiccant (Rotor)/M-Cycle air conditioning system. 1-2 air cooling in heat
pump evaporator before rotor, 2-3 air dehumidification process, 3-4 air cooling in HMX, 3-5 working air
preparing in HMX, 5-6-7 working air saturation with water and heat abstraction, 8-9 heating air in heat

pump condenser for desiccant recovery, 9-10 desiccant recovery in rotor.

In addition, the evaporator load also includes cooling the heated part of rotor and desiccant through
which blows coldest air in cycle. It involves additional cold losses. This results harmful air heating, which
also degrades performance of air-conditioner [Buker and Riffat, 2015, Finocchiaro, 2010] (Figure 4).

Similar losses are typical for liquid desiccant [Buker and Riffat, 2015, Bassuoni, 2011]. In all last
schemas with desiccant coolers use heat pump. On the one hand, it cools air before dehumidifying on
the other heats air for desiccant recovery. In this case, additional heat consumption excluded
[Finocchiaro, 2010].

Outside air is cooling in heat pump evaporator, and then it flows to camera where it gives excess
moisture to desiccant. The dehumidified and cooled air is divided into two streams and sent to the HMX.
Working air saturates by moisture and cools product air to desired temperature, after that in flows into a
room. Outside air heats up in heat pump condenser and regenerates solid desiccant. In case with liquid
desiccant, heated air evaporates moisture from dissipates desiccant (Figure 3, 4).

Absorption or Ejector coolers can be used for cold production and reduce power consumption. As a
result, system use electricity for fan and automatics, and feed pump in absorption system. One of the
advantages in ERS is thermopump. It consumes working vapour. In addition, it is possible to use water
vapour-air ejector fan and vacuum pumps. System becomes completely independent of electricity.
Figures 5 and 6 show two modifications of combined M-Cycle/ERS air-conditioning system. In first
schema, water condensed from air during cooling evaporates in two recuperative heat exchangers.
Water is spaying and evaporating in vacuum. All cold spend for water condensing returning to cycle for
air-cooling. It allows to minimize required ERS cooling capacity (Figure 7).
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Figure 4. Process chart in Solid desiccant (Rotor)/M-Cycle system.1-2 air cooling in heat pump
evaporator before rotor, 2-3 air dehumidification process, 3-4 air cooling in HMX, 3-5 working air
preparing in HMX, 5-6-7 working air saturation with water and heat abstraction, 8-9 heating air in heat
pump condenser for desiccant recovery, 9-10 desiccant recovery in rotor.
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Figure 5. Combined M-Cycle/ERS air-conditioning system with full recuperation. 1-2 fresh air
precooling by heating exhaust working air from HMX 11-14; 2-3 fresh air cooling by heating product air
from HMX 7-8; 3-3’ and 3-3"” air cooling by precipitated moisture in process 2-4,; 3-3” air cooling by
preheating air before room air supply 4-5; 3”-4 air cooling in ERS evaporator; 6-9 working air
preparing in HMX; HMX; 6-7 HMX air cooling; 9-10-11 working air saturation with water and heat
abstraction; in, out — ERS vapour generator refrigerant inlet and outlet.
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Figure 6. Combined M-Cycle/ERS air-conditioning system with partial recuperation. 1-2 fresh air
precooling by heating exhaust working air from HMX 11-14; 2-3 fresh air cooling by heating product air
from HMX 7-8; 3-4 air cooling in ERS evaporator, 6-9 working air preparing in HMX; HMX; 6-7 HMX air

cooling; 9-10-11 working air saturation with water and heat abstraction.
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Figure 7. Process chart in combined M-Cycle / ERS system with full recuperation. 1-2 fresh air
precooling by heating exhaust working air from HMX 11-14; 2-3 fresh air cooling by heating product air
from HMX 7-8; 3-3’ and 3”-3"” air cooling by precipitated moisture in process 2-4; 3-3” air cooling by
preheating air before room air supply 4-5; 3”-4 air cooling in ERS evaporator; 6-9 working air
preparing in HMX; HMX; 6-7 HMX air cooling; 9-10-11 working air saturation with water and heat
abstraction; in, out — ERS vapour generator refrigerant inlet and outlet.

Water vapour-air ejector provide vacuum in spraying coolers, similar ejector provide air circulation in air
conditioner channels. It allows to exclude from use electric fans (not shown in schemas).

Air from cooling space direct into HMX 6, where it splits in two flows. Working flow is precooling 6-9,
saturates by water 9-10-11 and heating 10-11, at the same time it cools flows 6-9 and 6-7. Fresh ambient
air flows to heat exchanger where cooled 1-2 by heating HMX exhaust air 11-14. Next heat exchanger
cools air 2-3 by heating HMX product air 7-8. Exhaust air 8 and 14 removes from system and can flow
through ERS condenser. Cooling process 3-3’ and 3”-3" is performed by moisture evaporating in
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vacuum. This moisture drops during cooling 1-4. Process 3’-3” achieving by heating room air supply 4-
5.

Table 1 shows process air parameters in combined M-Cycle/ERS system. It show that ERS and
recuperation allow to reduce absolute humidity from 23.41 g/kg to 8.8 g/kg. At the same time requires
ERS cooling capacity decrease from (Equation 1) to (Equation 2).

Equation 1: Specific cooling capacity O = b5 1y
Equation 2: Specific cooling capacity Qe = Iz —1,
Where:

—  (eva= specific cooling capacity (kJ/kg)
— is= enthalpy at point 3 (kJ/kg)

— is»= enthalpy at point 3" (kJ/kg)
— 4= enthalpy at point 4 (kJ/kg)

Air from point 14 can be saturated by moisture to cool to a 27°C, but usefulness of this process requires
additional economic analysis.

Table 1. Process air parameters in combined M-Cycle/ERS system.

Parameters 1 2 3 3 3 3 4 5 6 7 8 9 10 11 14
Temperatur 31, 27, 22, 13, 29, 18, 17,
e °C 34 1 1 25 2 5 12 23 26 18,5 1 5 9 24 32
Relative 81, 56, 94,
humidity, % 69 5 100 | 100 | 100 | 100 | 100 50 60 94,7 6 7 100 | 100 | 62,7
Enthalpy, 94, 91, 85, 76, 65, 38, 34, 45, 58,3 | 50,6 59, 50, 50, 72, 80,5
kJ’kg 2 2 6 3 1 1 2 4 9 6 4 7 7 2 5
Absolute
- 23, 23, 22, 20, 16, 12, 12, 12, 18,
hug}ll(cgty, 4 2 8 1 8 9,8 8,8 8,8 12,6 12,6 6 6 9 9 18,9

3. CYCLE CALCULATED PARAMETERS FOR SYSTEMS WITH DESICCANTS AND ERS.

Combined system with desiccants or ERS COP is determined from following Equation 3:

Qeva

Equation 3: Systems COP COP =

q y nCarnot Qheat + z L
Equation 4: Total consumed heat > Qat = Quen *+ Qucsorp
Equation 5: Total consumed work DL =L * Loump * Liotor + Leomp
Equation 6:Cooling capacity Qua = Goair,proa (i —1s)
Equation 7:Heat consumed for vapour generation in Q. -G (ins —i
genel’ator ERS gen ref ,gen \ "out in
Equation 8: Heat consumed for desiccant restore Quesorp = Gair work (o —ip)
Equation 9: Work consumed by fans L =2 Gar len
Equation 10: Work consumed by desiccant L -G |
recirculation pump pump * " desicpump
Equation 11: Specific work consumed by desiccant | = Vaesic AP

. . um|
recirculation pump A
Equation 12: Work consumed by compressor heat —G._I
Lcomp ~ “ref "comp

pump
Equation 13: Specific work consumed by | = eomp,ut ~ Yoomp,in
compressor heat pump o D M
Equation 14: Carnot cycle COP Neamat =1~ =

T

cond
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Where:

—  Qeva= cooling capacity (kW)

— Tgen= generation temperature (K)

—  Teonda= condensation temperature (K)

—  Gretgen= refrigerant mass flow rate in ERS generator (kg/s)

—  Grer= refrigerant mass flow rate in compressor (kg/s)

—  Gairwork= Working air mass flow rate in Maisotsenko HMX (kg/s)
—  Gairprod= product air mass flow rate in Maisotsenko HMX(kg/s)
—  Gair= total air mass flow rate in system (kg/s)

—  lan= specific work consumed by fans (kJ/kg)

—  Gaesic= liquid desiccant mass flow rate (kg/s)

Heat pump working parameters: evaporation temperature teva=18°C, condensation temperature
tcond=69°C. Coefficient of heat pump performance ¢= 2,7. ERS working parameters: generation
temperature tgen=85°C, condensation temperature tcond=35°C, evaporation temperature teva=7°C.
COP of ERS equals ¢ =0,288 (R-142b), ¢ =0,38 (R-123/Isobutane). In each system, we exclude from
the expressions the quantities that not presented in it.

The results of process modeling of combined system with desiccants in Figure 8 and system with ERS
shown in Figure 9.

4. COMPARATIVE ENERGY INDICATORS OF COMBINED M-CYCLE/ERS AND DESICCANT/M-
CYCLE SYSTEM.

Hybrid system with compression refrigeration system is out of scope in this comparison, because with
temperature and humidity raise all load lies on the compressor and M-Cycle is no longer involved in cold
production.

The calculations performed for systems with solid and liquid desiccants and ERS with full heat and cold
recuperation.

In schemas with solid desiccant, power consumption slightly less than in system with liquid desiccant.
Rotor make 1-2 rotations in 1 hour, so operating time is small. At the same time, circulating pump works
permanently. Power consumption for fans and compressor is negligibly differs. Compressor heat pump
excludes additional heat consumption.

@ Temperature (C)

<:> Pressure (kPa)
D Vapor Fraction
Q Duty (kW)
i )
HIERARCHY ~

Figure 8. Process engineering of the combined Solid desiccant/M-Cycle system.
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Figure 9. Process engineering of the combined M-Cycle/ERS system.

M-Cycle/ERS system consumes additional heat and electricity is only needed to drive fans. First
instance is calculated at 100% fresh airflow into the room at flow rate 2700m3/h (Table 2). Air from a
room flow to Maysotsenko HMX where it splits, cooled and flow to heat exchanger and precool the fresh
air. M-Cycle/ERS system consumes 3.1-3.7 times less energy than Desiccant/M-Cycle system, if
consumed heat recalculate to its exergy. Second instance for technical objects, system supply 60% or
recirculating air, 40% fresh air at flow rate 12000 m3/h (Table 3). Cooled air from Maysotsenko HMX
mixing with cooled fresh air. Exergy COP ratio of industrial air conditioners Desiccant/M-Cycle and M-
Cycle/ERS equals 3.65-4.1. Vapour compression heat pump can be replaced by ejector heat pump
(Figure 10). That pump utilizes heat and takes place between M-Cycle/ERS and Desiccant/M-Cycle
system by energy consumption (Table 2).

o Thermopum Maisotsenko Cycle HMX
Lo' P
§ § Ejector
5 3 v - ‘
ks 1G] e 10 9 8 x;- I
:5 | N N
’ < P Condenser CA EA — N
N 3N,
( Y1 J v C VI
A Evaporator IN

1
Room

Figure 10. Combined Solid desiccant (Rotor)/M-Cycle air conditioning system. 1-2 air cooling in ejector
heat pump evaporator before rotor, 2-3 air dehumidification process, 3-4 air cooling in HMX, 3-5
working air preparing in HMX, 5-6-7 working air saturation with water and heat abstraction, 8-9 heating
air in heat pump condenser for desiccant recovery, 9-10 desiccant recovery in rotor.

Reduced work consumption lower by 2 times then in Desiccant/M-Cycle with vapour compression heat
pump. This may be due to ERS thermal coefficient at high condensation temperatures is low and equals
0.28-0.3.
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Table 2. Expenses for domestic air-conditioner operation. (2700m?3/h cooled airflow, 100% fresh air).

Parameters General input
System Qgen / L Lo
?(%\(7, Llc(v\llp, kf\aN"’ Qrmx, KW Q(Ii(v\olrpr PumIEWrolon Q, KW L, kW L educed, KW
M-Cycle/ERS 5.17 19.92 3 6.47 - - 19,92 3 5.78
Solid
Desiccant/M- 40.2 14.6 3 17.26 26.25 0.4 - 18 18
Cycle
Liquid
Desiccant/M- 40.2 14.6 3 17.26 26.25 3,6 - 21,2 21.2
Cycle
Solid
Desiccant/EHP 17 20 3 17.26 26.25 20 3 8.77
/IM-Cycle

Table 3. Expenses for industrial air-conditioner operation. (12000m®h cooled airflow, 60% recirculation air)

Parameters General input
System Qgen /
Qe Lo o Quune k| Quesom | LowmefLieen | kW | LKW | Liesuees, kW
M-Cycle/ERS 14,6 50,7 5,25 30,86 - - 38 5,25 10.55
Solid
Desiccant/VC 70,4 26,08 12 45,5 78,68 0.63 - 38.7 38.7
HP/M-Cycle
Liquid
Desiccant/VC 70,4 26,08 12 45,5 78,68 5,47 - 43,5 435
HP/M-Cycle
Solid
Desiccant/EHP | 30.7 35 12 45.5 65.7 0.63 35 12.63 22.73
/M-Cycle

5. M-CYCLE AIR-CONDITIONERS APPLICATION AREA.

Pure M-Cycle effective in continental climate zones with high and moderate temperature: midcontinent
areas of Eurasia, Arabian Peninsula, desert zones and savannah of Africa, South and North America,
inner zones of Australia. Those regions has low population. It is about 500 millions, 7-10% of total
population (Figure 11).

W ey

s & .

Figure 11. M-Cycle air-conditioners application area.

Application area reaches 30% of population if added zones with seasonally low humidity and where M-
Cycle work is satisfying (Figure 12).

Figure 12. Zones of seasonal use of M-Cycle based air-conditioners.
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Combined M-Cycle with desiccants or ERS air-conditioners can service all the regions, where air-
conditioning is required. It is about 90% of population (Figure 13).

Figure 13. Application aa of combined Desiccant/M-Cycle or M-Cycle/ERS air-conditioners.

New generation of air-conditioners based on M-Cycle can create comfortable conditions everywhere. It
makes sense to adjust their production as an alternative to reduce electricity consumption.

6. CONCLUSION

1. Combined M-Cycle air-conditioner with ERS or desiccants can be used anywhere where air-
conditioning is required.

2. Energy efficiency of M-Cycle/ERS system higher than Desiccant-M-Cycle system in 3-4 times.
3. Cold recuperation improves cycle efficiency in 1.5 times.

4, Low-grade heat source for ERS can be any waste heat, secondary heat sources and solar heat.
5. Combined M-Cycle with ERS and desiccants allow to reduce reduced work consumption in 2
times.

6. Maisotsenko HMX can effectively be used as condenser for ERS. That increase ERS efficiency

by 20-35% and reduce mass-dimensional characteristics of condenser in 1.5 times due to high heat
transfer coefficient.
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The energy requirement of an existing small scale district heating (DH) network, connected to seven
properties of mixed use (office and living spaces), located in Nottinghamshire and fuelled by a 300 kW
biomass boiler, was studied in view of upgrading it. This paper presents results of heat energy
simulation, monitoring and an energy audit of the existing heat network. The individual properties’ heat
load profiles were modelled in order to get an aggregated site profile network. In addition, on selected
points of the network, the operating conditions of the network were monitored and collected:
supply/return temperatures and mass flow rate are presented. The paper also summarises a
recommendation for an upgraded heat network, focusing on improving the DH and to propose this as a
solid technology for the future challenges of the heat energy market.

Keywords: community energy scheme, district heating, heat load profile, thermal simulation
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1. INTRODUCTION

The challenging objectives of decarbonising the EU e