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a  b  s  t  r  a  c  t

Two  benchmarking  surveys  were  created  to  collect  data  on  the performance  of chilled,  frozen  and  mixed
(chilled  and  frozen  stores  operated  from  a single  refrigeration  system)  food  cold  stores  with  the aim  of
identifying  the  major  factors  influencing  energy  consumption.  The  volume  of  the  cold  store  was  found
to  have  the  greatest  relationship  with  energy  use with  none  of the  other  factors  collected  having  any
significant  impact  on energy  use.  For  chilled  cold  stores,  93%  of the  variation  in energy  was  related  to
store  volume.  For  frozen  stores,  56%  and  for  mixed  stores,  67%  of  the  variation  in  energy  consumption
was  related  to  store  volume.  The  results  also  demonstrated  the  large  variability  in  performance  of cold
stores.  This  was  investigated  using a  mathematical  model  to predict  energy  use  under  typical  cold  store
construction,  usage  and  efficiency  scenarios.  The  model  demonstrated  that  store  shape  factor  (which  had
a major  impact  on  surface  area  of  the stores),  usage  and  to  a lesser  degree  ambient  temperature  all  had
an  impact  on  energy  consumption.  The  work  provides  an initial  basis  to compare  energy  performance  of
cold stores  and  indicates  the  areas  where  considerable  energy  saving  are  achievable  in food  cold  stores.

© 2013  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Refrigeration is one of the most energy-intensive technolo-
gies used in the food supply chain and poses a number of
sustainability-related challenges. It accounts for about 35% of
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electricity consumption in the food industry [1], worldwide this
equates to a consumption of about 1300 TWh  year−1 [1].

Energy issues are among the main concerns in Europe today.
The main challenge is to meet the binding target set by the Heads
of States and Governments of the 27 EU Member States in March
2007 to increase energy efficiency by 20% and to increase the use
of renewable energies by 20%, by 2020 [2].

All chilled and frozen food and temperature controlled phar-
maceutical products are stored in a cold store at least once during
their journey from production to the consumer. Chilled stores gen-
erally maintain products at temperatures between −1 and 10 ◦C
whereas frozen stores generally maintain product at below −18 ◦C.
The cold store market is extremely diverse consisting of small
stores of 10–20 m3 up to large warehouses of hundreds of thou-
sands of cubic metres. All cold stores have the function of storing
a product at the correct temperature and to prevent quality loss
as economically as possible. In Europe there are approximately
1.7 million cold stores totalling 60–70 million m3 of storage vol-
ume. Of these, 67% are small stores with a volume of less than
400 m3 [3].
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Cold storage rooms consume considerable amounts of energy.
Previous unpublished work by the authors has shown that within
cold storage facilities, 60–70% of the electrical energy may  be
used for refrigeration. Therefore, cold store users have considerable
incentive to reduce energy consumption. There are few published
surveys comparing the performance of more than a few cold stores.
In addition surveys rarely differentiate between type of store, stor-
age temperature, location, room size or room function. In 2002 the
IIR estimated that the SEC (Specific Energy Consumption) of cold
stores was between 30 and 50 kWh  m−3 year−1 [4]. The minimum
value from this study was similar to values from a study carried out
in the Netherlands by Bosma [5] which found energy consumption
of cold stores to be 35 kWh  m−3 year−1. In the UK ETSU (Energy
Technology Savings Unit) [6] also found that stores consumed at
minimum 34 kWh  m−3 year−1 but that consumption could also be
up to 124 kWh  m−3 year−1. Other studies in the USA by Elleson and
Freund [7] and Singh [8] found SECs of between 19 and 88, and
15 and 132 kWh  m−3 year−1 respectively. In one of the most com-
prehensive recent surveys carried out in New Zealand by Werner
et al. [9] the performance of 34 cold stores was  compared. The
SECs recorded varied from 26 to 379 kWh  m−3 year−1 demonstrat-
ing that there was a large variation in energy consumed by cold
stores. Savings of between 15 and 26% were found to be achievable
by applying best practice technologies. This large range in perfor-
mance was also found by Carlsson-Kanyama and Faist [10] who
report data from BELF [11] for energy use for freezers per litre net
volume per day to be 1.0 kJ (equivalent to 101 kWh  m−3 year−1)
when food was stored in rooms of 10,000 m3 whereas in rooms of
10 m3 the energy was 15 kJ (equivalent to 1520 kWh  m−3 year−1).
In both surveys a factor difference of 15 was apparent.

Limited information has been published on throughputs and
storage and often information is difficult to compare due to the
metrics used by the authors. Carlsson-Kanyama and Faist [10]
report energy used for long-term cold storage of apples may  vary
between 0.9–1.7 kJ electricity per kg per day. Swain [12] reported
figures for potato storage collected over a 3 year period from
8 stores as being between 0.1 and 0.29 kWh  tonne−1 day−1. On
average the energy ranged from 0.12 to 0.15 kWh  tonne−1 day−1

within each of the 3 years where monitoring took place. The results
showed a massive difference in energy consumption between the
best and worse stores. It should be noted that the data included all
energy used and that in cold weather potato farmers need to heat
stores to maintain the potatoes at the usual storage temperatures
of 3 ◦C. In addition there was no information presented on store
temperatures and so the stores that appear most efficient may  be
those that stored the potatoes at a higher temperature.

Previous detailed audits carried out on a small number of cold
stores has confirmed that energy consumption can vary consider-
ably and that this was due to a variety of factors [13,14]. These
surveys also demonstrated that energy savings of 30–40% were
achievable by optimising usage of the stores, repairing current
equipment and by retrofitting of energy efficient equipment.

The performance of a large number of cold stores has never been
compared in detail and there is little information to compare per-
formance of stores Worldwide. With government targets to reduce
energy and emissions of greenhouse gasses (GHG), the need to
benchmark and understand potential energy and GHG reductions
is of great interest to end users. To enable end users to improve the
performance of their cold stores a project called ‘Improving Cold
storage Equipment in Europe’ (ICE-E) was developed with 8 part-
ners from across Europe. The initial aim of the project was  to collect
data to benchmark the performance of cold stores in Europe.

As part of the ICE-E project, two internet based surveys were
developed and data collected to determine energy usage in dif-
ferent cold store types, sizes and configurations. In addition a
mathematical model was developed to predict energy used in cold

stores. Results from these surveys and the predictions made by
the model are presented in this paper and the data analysed to
determine whether there were any common factors that affected
performance of the cold stores.

2. Materials and methods

2.1. Detailed survey tool

2.1.1. Development of survey tool
The survey was  developed using a NET web application. Devel-

opment was  carried out in Microsoft Visual Studio using c# (c sharp)
which used .NET Framework 4.0. The data was saved in a Microsoft
SQL database. The survey was available in a number of languages
(Bulgarian, Czech, Danish, Dutch, English, French, Italian and Span-
ish). The survey was  initially tested on a selected number of cold
store operators to ensure the questions were appropriate and rel-
evant. Improvements were then made based on their comments.

The survey allowed participants to initially register their details
and then to enter data on as many refrigeration systems as they
wished. It collected information per single refrigeration system that
might supply one of several cold stores. The survey was  designed
to be simple to complete with the aim that it should take a cold
store operator less than 20 min  to complete the survey. The final
survey document consisted of 5 pages collecting basic information,
information on the refrigeration system, the food stored, the facility
and the refrigeration equipment at the facility. During the initial
registration process, cold store operators could ensure that data
was anonymous.

2.1.2. Data collected and benchmark analysis of survey tool
The survey parameters collected are shown in Appendix 1. In

all cases the users were asked to rate the accuracy of the data they
submitted. The collected data was retained on a server where users
could return to update information or add further data.

Once users had input data they could then compare the per-
formance of their store through an automatic benchmark analysis.
This enabled them to compare the energy used by their cold store
system with systems of a similar size and product throughput. In
addition users could compare the set point temperatures, food type,
room function and refrigerant type with others in the survey. In all
comparisons the user had the ability to define the range over which
comparisons were carried out.

2.2. Express survey tool

In response to some end users requesting a simpler and more
rapid means to benchmark their stores an ‘Express Survey’ was
developed. This required only 5 min  to complete.

2.2.1. Development of survey tool
The tool was  part of the ICE-E web  site and written in HyperText

Markup Language (HTML) using a web  form to collect the data. As
in the detailed survey all data collected was anonymous.

2.2.2. Data collected and benchmark analysis of survey tool
A limited data set of 5 parameters was  collected (set temper-

ature, area and volume of the store, food throughput and energy
usage per year) which reflected what were considered to be the
most important factors affecting energy use in cold stores. In all
cases blast freezing of product was  excluded from the data col-
lected.

Once data was  submitted the information was  input manually
into the main benchmark survey and information sent directly to
the cold store operator.
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