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Abstract

Demand Response has proven to be a useful mechanism that produces important benefits for
both the customer and the power system. In the context of an increasingly competitive electricity
market, where prices are constantly rising and the presence of renewable energy resources is
gaining prominence, this paper analyzes the flexibility potential of customers in the meat industry,
based on the management of the most energy consuming process in this type of segment: cooling
production and distribution.

The effectiveness of the proposed actions has been successfully tested and validated in an
active factory that produces cured ham in Spain, where savings of about 5% in the total annual cost

of electricity have been assessed, together with power reductions in the range of 50% of the total
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peak demand of the studied facilities. Such results demonstrate the efficacy of these techniques,
and they open the door to an innovative perspective on the evaluation of flexibility among customers
which are traditionally considered rigid, providing a novel approach to the management of customer

infrastructures in order to exploit their flexibility in electricity markets.

Keywords: Food Industry, Load Management, Power Control, Power Demand, Production

Management

1. Introduction

The meat and poultry industry is one of the most representative sectors among different
industrial activities in diverse countries. It is the largest segment in U.S. agriculture [1], where the
poultry and pork segment represents 16% of total production worldwide [2] (see Table 1). The share
for the European Union is similar, at 18% of total global production. In the case of Spain, the
production of different pork goods, such as cured ham or deli products, is well-recognized around
the world. Spain produces 3% of total pork worldwide.

Energy use is considerable for this type of consumer, and the meat industry has been identified
as one of the most suitable segments for demand response implementation [3, 4]. Heat, ventilation
and cooling production loads are among the most energy consuming processes in the meat
processing industry [5]. Electricity consumption is mainly used for cooling and ventilation, while fossil
fuels such as natural gas or diesel are generally used for heating processes. In the meat industry,
cooling production and distribution constitutes between 45% and 55% of the total final electricity
consumption on working days [6], making this the most energy-intensive process for most
consumers in this segment.

Different works have been presented in the past [7, 8] in order to evaluate customer demand
response in different sectors (mainly for commercial and industrial segments). In those cases,
flexibility has traditionally been related to the ability of a system to adapt itself to changes [9, 10] or
how well a manufacturing system can absorb these changes in any of the system entities or the

external environment [11]. However, no examples of previous research were found that described
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how to determine potential customer flexibility in order to take advantage of different prices of
electricity throughout time. This is especially true when such actions are applied to sensitive
processes directly related to the quality of the final product, which tend to make customers wary of
changing any element or parameter of those processes.

A wide range of benefits could be obtained by customers if they decide to use the flexibility they
have. However, final customers are not yet acquainted with demand response capabilities, in large
part due to lack of information and training on the benefits that they can bring [12].

According to those facts, this paper presents a novel approach where flexibility is understood
not as the capacity of a system to adapt itself to changes, but as the ability of customers to modify
the power demand from their expected consumption either as a response to a requirement from the
grid operator or other demand response provider when a reliability problem occurs in the system or
as a reaction to variation in the price of electricity. While demand response actions can take place at
any time, not only during the peak period [13], their implementation could be key during peak and
non-peak periods of electricity use, and are usually less costly than building more power plants [14].

The proposed flexibility strategy in this paper is based on the interruption of the electricity
supply used in cooling production so that the thermal inertia of the system can be used to keep both
temperature and humidity within acceptable limits. This work has been validated by means of real
tests in industrial facilities, where the proposed flexibility strategy has been implemented in
consumers. The studied segment (coded by the Classification of Economic Activities in the
European Community, NACE rev. 2 10.1, [15]) includes processing and preserving of meat as beef,
pork, lamb, rabbit, mutton, camel, etc. (NACE 10.11), processing and preserving of poultry meat
(NACE 10.12) and production of meat and poultry meat products (NACE 10.13).

The paper is organized as follows. Section 2 presents a methodology to evaluate the
customers’ technical potential to manage their energy consumption. Once a technical evaluation has
been performed, the economic and environmental assessments for proposed strategies are
discussed in section 3. The validation of these techniques in a real customer is considered in detail

in section 4 and, finally, some conclusions are shown in section 5.
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2. Technical Evaluation of flexibility

As stated in the introduction, cooling production and distribution is the main electrical
consumption in this type of facilities. Consequently, the flexibility potential for this process will be
evaluated, since small actions on such process could imply significant savings for the factory as a

whole.

2.1. Use of cooling in the meat industry

Many different configurations can be found with regard to the use of cooling in the meat
industry, depending on the configuration of the production and processes as well as the type of
goods produced in each particular factory. However, after studying in detail the use of cooling in
different factories located in Spain, where a wide range of different meat products are
manufactured, four basic types of circuits for cooling production (cooling lines) can be established
for a typical meat production plant, as shown in Figure 1:

e Freezing line: This is used in freezing chambers to preserve the meat at a very low
temperature. The primary temperatures for this type of circuit are usually between -35
and -40°C. Another different and dedicated circuit at a lower temperature may be
available if a deep-freezing tunnel is used for freezing rather than preserving the meat;
this is a common practice in slaughterhouses.

e Preserving line: When the aim of a chamber is to keep fresh meat rather than frozen
meat, primary temperatures between -10 and -15°C usually satisfy that requirement.

e Air conditioning line: Used for maintaining the required cooling conditions in working
rooms. Values of primary temperature for this line vary from 0° to -5°C to keep the
temperature of the room within a range varying from 5° to 10 °C, depending on the use
of the room.

e Drying lines: In factories which produce cured meat products such as ham or deli
meats, there are usually two specific lines for drying processes; these account for most
of the electricity consumption in the plant. One of these lines, the Low Temperature

Line, is set between -10 and -5°C, and can also be used as a preserving line. The
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second drying line, called the High Temperature Line, is adjusted between 0 and -5°C.
Sometimes it is used for air conditioning purposes, although this option is less
frequent. Both the high and low temperature lines, combined with other hot water lines,
keep the temperature of drying rooms under control and reduce the level of humidity to
levels mandated by the professionals in charge of the drying stage.

Table 2 shows the breakdown of electricity consumption for three different factories which
produce cured meat products in three places with different climates: northern (Continental
Mediterranean with cold winter climate), western (Continental Mediterranean with hot summer
climate) and central Spain (Warm Mediterranean climate). For this type of factory, drying processes
usually consume the largest amount of energy, reaching values of 65-81% of total electricity
consumption. The reason is that the cooling in drying rooms is aimed not at refrigeration, but
reduction of the humidity in meat, achieved by lowering the temperature of moist air in contact with

the meat to the dew point.

2.2. Flexibility strategies

Several actions can help customers to take advantage of their flexibility potential. These
actions have been identified in a study performed by the authors over a dozen of different factories,
from slaughterhouses to plants which produce cooked, cured and other deli products. Moreover,
some of them have been tested, as shown in section 4.

The identified actions could be divided into the following types:

e Type 1: Actions that require no additional investment and have no impact on the
customer activity. These actions are related to the interruption of inefficient devices
responding to high market prices whose operation does not render a profitable service.
An example could be nighttime air conditioning in offices or HVAC devices functioning
in temporarily idle workspaces. No investment is required for the implementation of
these actions, since existing human resources can connect and disconnect the
devices.

e Type 2: Actions that require investment and have no impact on factory production.
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These actions can be further divided into two groups: Sub-group 1 includes an
improved or automated version of the actions considered in Type 1 above, where
investment in an automatic control and management system will enhance effectiveness
and reliability*. Sub-group 2 consists of a set of more sophisticated actions, such as ice
storage [17], industrial use of free-cooling, etc. While the first set of actions aims to
reduce unnecessary energy consumption and service use, actions included in sub-
group 2 endeavor to reduce the total cost (economic and environmental) associated
with the required energy use, either by directly reducing it or by displacing its production
to cheaper energy cost periods (nighttime).

e Type 3: Actions with an admissible impact on production that may or may not require
additional investment. The use of this type of actions is the most innovative aspect of
the research presented in this paper because they have not been traditionally
considered due to concerns about the possible impact on the final product. A typical
example of application is the disconnection of loads related to cooling production and
distribution in the factory. It is essential to guarantee that critical process parameters
such as temperature or humidity will not reach unacceptable values that could

compromise product quality.

2.3. Technical assessment of flexibility in drying rooms

Maintaining controlled temperatures and humidity inside drying rooms is elemental to the
process of drying in food production factories, so any action that implies a degradation of these
parameters will be unacceptable. Taking this fact into account, flexibility actions carried out must

guarantee that variations in those parameters are maintained within acceptable limits.

! Authors presented in [16] a new Integral Management System (IMS), based on a secure
website. This novel IMS is able to achieve decrements of 20% by means of active control and
includes a set of new tools and techniques in order to improve the management of different
energy resources used in existing infrastructures, resulting in a reduction in energy consumption,

an increment in overall efficiency and the control of distributed loads.
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Figure 2 schematically represents how the drying process works in a meat drying room. In step
1, dry air comes into contact with the surface of the meat inside the drying room (point 1 to point 2),
absorbing the humidity present on the surface of the meat. This results in the humidity ratio o
growing adiabatically from o, to o, [18], as shown in Figure 3. When moist air enters the air drying
unit, temperature is reduced (point 2 to point 3) until reaching dew point. Moisture condensation
occurs when moist air is cooled to a temperature below its initial dew point [19]. From point 3 to
point 4, the temperature decreases while the air drives the water out; since the humidity ratio is
lower, the capacity of the air to hold the evaporated water is reduced. Dry air is heated again (point 4
to point 1) in order to maintain the temperature inside the drying room, leaving the air drying unit in
the conditions found at point 1

Customers’ technical potential to manage their energy consumption is evaluated by classifying
the demand by different end-uses or processes. Figure 4 illustrates a theoretical flat load curve for a

process “i” (i.e. cooling in a typical food factory). For each of the processes

i”, it is necessary to
assess the following variables:
e Energy reduced during the action (E,;)
e Additional energy consumed before the flexibility action (E,;) in order to adapt the
process for the reduction or interruption
e Additional energy consumed after the action (Es;), in order to re-establish the initial
conditions
From ty; to t;; an amount of energy (E,,) is consumed in order to make adaptations to prepare
for an interruption. Between t;; and t,;, the interruption occurs, so the energy package E;; is not
consumed. At t;,, the interrupted supply is switched back on, and an extra consumption Es; is
produced to re-establish the original temperature setting. In t3; the load curve returns to the initial
level of demand.
The net energy E.; saved during the flexibility action applied to the process “i” (cooling in this

case) can be calculated as follows:

t=t,
E.i=E, - ez,i +Ey; :: _[ IDO,i (t) =P () ]dt (1)

t=t,
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Es; is evaluated in (1) as the difference between the energy saved during the flexibility action
(E.;) and the additional energy consumed during the preparation (E,;) and recovery (Es;) periods.

i
[

Poi(t) is the load curve of the process “i” when any flexibility action is not performed; and Px(t) is the
load curve of the process after applying the flexibility action. The flexibility action is delineated
between t;; and t,,, while the preparation period takes place from ty; to t;; and the recovery period is
defined between t,; and t3 .

There are different ways to assess the load shape that would be demanded without flexibility
actions. When the power load curve of a process has a flat shape (this is the case of cooling in a
meat products factory), as shown in Figure 4, the straightforward method proposed and validated by
the authors in [20] can be applied. This method is based on the evaluation of the average power

demanded when no flexibility actions are applied, and the subsequent extrapolation to time periods

when the load shape is modified due to reductions and recovery periods.

3. Economic and environmental application

The economic evaluation of flexibility requires a cost-benefit analysis in order to assess the net
benefit that would provide the customer with enough incentive to reduce its load. The customer must
evaluate the amount of money, Ss, saved during the flexibility action due to the energy not
consumed or shifted to cheaper periods, as well as additional expenses, C;, incurred when flexibility
actions are performed. After that, it should establish the value of the benefit, Byg, it expects in

exchange for offering the service to the system. These parameters are analyzed below.

3.1. Savings (Ss)
If p1, p2 and ps are the prices of energy for on-peak, shoulder and valley periods, respectively,
the amount of money (S;) saved during the flexibility action can be calculated by using the formula:
N O ek S S
SS=31—€2+33/=ZE1 ' pk_ZEZ ' pk+ZE3 © Py (2
k=L ki=1 k=L
where S; is the amount of money saved during the interruption, and S, and S; correspond to

the extra costs generated by the consumption before and after the interruption (preparation and
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recovery periods). Ei is the amount of avoided energy for each “k” period of time during the
interruption (on-peak, shoulder and valley). Similarly, E; and Esc are the amounts of additional
energy consumed during the preparation and recovery time. It is important to point out that using
flexibility may afford economic savings to customers even if no energy savings are achieved. These

benefits can easily be calculated by using this equation.

3.2. Cost of flexibility (Cy)

The use of flexibility may entail additional direct and/or indirect costs for customers that need to
be evaluated. Direct costs relate to the technical capacity for carrying out a flexibility action, while
indirect costs refer to those incurred as a consequence of the implementation of flexibility actions

(requirement of additional manpower, loss of productivity, etc).

3.3.  Payments from the System (Py) and Expected Benefit (Bng)

Customers pay the power system in exchange for their electricity supply. Conversely, the
power system receives a service when customers participate in demand response programs and
must compensate them for its value.

The payment method for providing a demand response service is established in the framework
of an organized demand response program, and the amount paid to the customer (Py) will be
essential to determining whether the customer patrticipates.

Customers must specify the value they require to modify their loads (Bne), which depends on
their own market strategy. As a result of their compliance, they will reduce their loads when the net
amount of money they receive (Bg) is equal to or higher than the benefit they expect to receive, as

illustrated by the equation:
Be <Bg=S;+R, -C;. ®)
Consequently, the customer will only modify its load curve when the payment (P,) that the

customer receives from the demand response program operator for providing a service to the

system satisfies the following condition:

PM ZBNE _GS_Cf, (4)
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As shown in Figure 5, the difference between the real benefit (Bg) and the expected benefit
(Bne) is the margin of decision (Mp), which could be calculated as an index to verify the customer’s
potential participation in the DR program:
e If Mp < 0, the customer will not participate in the demand response program, as no
benefits are obtained.
e If Mp = 0, the customer will provide the demand response service, modifying the

power load according to the program requirements.

3.4. Environmental evaluation

Avoided atmospheric emissions can be assessed similarly to economic savings by
considering the coefficients which calculate the amount of CO, per MWh emitted in each time
period, factors that may differ depending on the power generation mix at the time under
consideration. Table 3 shows the factors used in Spain for each period of time.

The emission factor for the on-peak period is usually higher than for the rest of periods
since the most inefficient technologies are supplying energy at these hours (coal and fuel-gas), and
a higher amount of CO, is emitted into the atmosphere

Avoided emissions (AEs) during a flexibility action can be calculated by means of the

following equation:

3 3 3
AE, = AE, — €E, + AE, } D> Ef - fe —{Z Ey - fe +> E; - fek} )
k=1 k=1 k=1

where fe; are the emissions factors for each period “i”: on-peak, shoulder and valley.

4. Application to a cured ham factory

The effectiveness of actions designed and justified in the previous section, including the impact
that flexibility may have on the quality of the product, has been validated in an industrial cured ham
factory in Spain. Customers may reduce their energy consumption during certain periods of time and
thereby obtain an appreciable profit. Consequently, this assessment has been performed by means

of a set of experiments based on the interruption of certain loads during peak periods.

-10 -
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The studied factory is located at an altitude of 529 m above sea level, which means an
atmospheric pressure of 94.8 kPa.

The experiment was divided into two phases. The first phase consisted of a pre-evaluation of
flexibility applied to the part of the cooling system (chillers and pumps) that supplies service to the
drying rooms. The installed power of these devices is 676.5 kW, and their consumption represents
37% of total electricity consumption in the factory. During this phase, daily interruptions of one hour
were performed for one week. Once the effectiveness of this action was validated, a second and
more intensive campaign of interruptions was carried out, and daily interruptions of four hours, two

in the morning and two in the afternoon, were applied.

4.1. Pre-evaluation

The season selected for the pre-evaluation stage was the third week of January, 2010, as
January and February have the highest on-peak prices for electricity according to the customer
supply contract. Tests consisted of one-hour interruptions per day (12:00-1:00 pm), as shown in
Figure 6, where the load curve of one day where flexibility was applied is compared to the profile for
the previous day, when no interruption was performed

The evolution of humidity and temperature was registered in order to ensure that these
parameters were maintained within acceptable limits. Table 4 and Table 5 show this evolution,
registered separately in four different drying rooms.

These tables show that variations obtained during the test for the different rooms were lower
than 8%, within the range of usual deviations in these parameters and therefore acceptable to the
factory’s quality technicians. The measurement taken at 13:30 shows that the set point values are
restored just half an hour after the interruption ends.

By applying the methodology detailed in section 2 and 3, we can estimate that power reductions
during on-peak periods are about 22.9% of the total demand of the factory. This means that savings
of 338 kWh can be achieved for one hour (including the additional consumption during the recovery
period, which is estimated at 58 kWh), or a reduction of 3.6% in the consumption of the process and
1.2% in the total electricity consumption of the factory on a working day. If this reduction is

extrapolated to the whole factory, a total potential of 52.6% is possible, given that cooling is

-11 -
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responsible for 85% of total consumption, and the considered cooling system represents 37% of

total electricity consumption.

4.2. Campaign of interruptions

After proving the effectiveness of proposed actions, a more intensive campaign of interruptions
was performed. During February 2010, two daily interruptions of two hours each were performed on
working days. Figure 7 shows different daily load profiles when interruptions were performed, as well
as an average profile and the standard deviation, represented below.

Interruptions were carried out during on-peak periods, which are established in the contract
from 10:00 am to 1:00 pm and from 6:00 pm to 9:00 pm in December, January and February.
Because daily interruptions of six hours were considered unacceptable by the customer, only the
last two hours of each peak period were used for flexibility purposes. Consequently, the
reconnection of cooling devices took place during shoulder periods when prices were lower. As
illustrated in Figure 7, the energy saved during each interruption is much higher than that consumed
during the recovery period. The load curve of the different processes was measured by means of a
set of meters installed in different lines of the factory and connected to a central energy and
management system, designed and presented by the authors in [21]. The average evolution of
humidity and temperature registered during the first daily interruptions is shown in Table 6 and Table
7. As concluded in the pre-evaluation tests, variations remain within acceptable limits and therefore
acceptable to the factory’s quality technicians

The application of these actions allowed the customer to reduce about 23% of the power peak
required by the factory during the reduction, saving about 1,555 kWh every working day in February.
If these results are extrapolated to the whole cooling system, a reduction of 52.8% of the total power
peak in the factory can be achieved. Taking into account that the hot weather prevents the factory to
maintain interruptions for longer than 2 daily hours in summer, according to the opinion of the
factory’s quality technicians, results obtained for winter were extrapolated for a whole year taking
into account the effect of seasonality and how such factors as external temperature and humidity
affect the electricity consumption. Moreover, a new set of interruptions performed in July 2011

allowed the authors to assess daily savings of 786.7 kWh for summer, validating the hypothesis

-12 -
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considered in February 2010 when only measurements for winter were available. Consequently,
equivalent savings of 405,000 kWh/year are obtained. Additionally, if real prices in the contract of
the customer are considered, as well as CO, emission factors provided by the Ministry of Industry of

Spain, savings of 396 tonCO,/year and 4.9% in the total annual cost of electricity are assessed.

5. Conclusions

Flexibility is playing a more and more important role when a better use of energy is pursued.
Customers could achieve significant benefits when using the flexibility they may have. However, final
customers are not aware about the benefits that their demand response capabilities can provide to
them.

This paper provides empirical evidence on the use of flexibility in a promising sector such as
the meat industry. The effectiveness of proposed flexibility actions in a cured ham factory in Spain
has been tested and the results of real experiments are presented.

One of the most significant conclusions is that such actions signify a notable reduction of the
peak power demanded by the customer during certain periods of time, which could reach over 50%
of the total power demanded by the factory without compromising the quality of the final product.
This has been demonstrated by measuring the temperature and humidity inside drying rooms during
the interruptions. Variations in these parameters are within the range of usual deviations registered
by meters located in different points of the chamber, producing an insignificant impact on the
product. Significant economic and environmental benefits may be also achieved by customers,

reaching savings of about 5% in the total annual cost of electricity.
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Figure and table captions

Figure captions

Figure 1. Scheme of processes in a typical cured meat products factory
Figure 2. Meat drying process scheme

Figure 3. Psychrometric chart for a drying room

Figure 4. Theoretical model for technical evaluation of flexibility (flat shape)
Figure 5. Economic evaluation of flexibility: cost-benefit analysis for customers
Figure 6. Pre-evaluation test performed in a cured ham factory

Figure 7. Load curves obtained during the campaign of interruptions

Table captions

Table 1. Meat production around the World (2005) in miles of tones.

Table 2. Breakdown of electricity consumption in different cured meat production factories
Table 3. Emission factors for different periods in Spain

Table 4. Variation of humidity during the test in drying rooms

Table 5. Variation of temperature during the test in drying rooms

Table 6. Variation of humidity during the second campaign of interruptions in drying rooms

Table 7. Variation of temperature during the second campaign of interruptions in drying rooms
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Table 1

Table 1

Meat production around the World (2005) in miles of tones

Source: FAOSTAT

Type of meat Spain EU us World
Beef & Buffalo 715 8,066 11,243 62,748
Poultry 1,104 10,853 19,105 81,781
Sheep & Goat 238 1,156 85 12,579
Pig 3,168 21,803 9,383 98,927
Others 82 648 224 4,512
Total 5,308 42,525 40,039 260,547




Table 2

Table 2. Breakdown of electricity consumption in different cured meat production factories

Factory 1 Factory 2 Factory 3

Continental
Mediterranean with hot

Continental

Mediterranean with Warm Mediterranean

cold winter climate summer climate climate
Freezing Chambers - - 1%
Preserving Chambers 11% 7% 11%
Drying Low Temp. 45% 49% 41%
Drying High Temp. 41% 36% 42%
Working Rooms 3% 8% 5%




Table 3

Table 3. Emission factors for different periods in Spain
Source: Spanish Departments of Industry and Housing

Period Emission factor fe

(tCO,/MWh)
On-peak 0.750
Shoulder 0.649

Valley 0.517




Table 4

Table 4

Variation of humidity during the test in drying rooms

Humidity (%)

Room Reference 12:00 h 12:20 h 12:40 h 13:30 h
Room A 72.5 68.3 72.7 72.3 71.5
Room B 72.0 70.3 74.3 75.3 72.3
Room C 75.0 75.3 80.7 81.3 80.8
Room D 80.0 77.3 80.3 81.8 78.3




Table 5

Table 5

Variation of temperature during the test in drying rooms

Temperature (°C)

Room Reference 12:00 h 12:20 h 12:40 h 13:30 h
Room A 30.0 27.0 28.3 29.3 27.8
Room B 18.0 18.3 18.5 18.3 18.5
Room C 8.0 8.0 8.7 8.7 8.2
Room D 4.0 3.7 3.7 4.2 4.0




Table 6

Table 4

Variation of humidity during the second campaign of interruptions in drying rooms

Humidity (%)

Room Reference 11:00 h 11:30 h 12:00 h 12:30 h 13:00 h 13:30 h
Room A 725 68.0 69.7 69.9 69.3 72.0 73.8
Room B 72.0 73.4 74.9 73.1 76.0 74.8 72.7
Room C 75.0 67.7 70.0 71.7 73.7 75.1 74.6
Room D 80.0 76.4 77.6 78.8 80.0 80.5 79.0




Table 7

Table 7

Variation of temperature during the second campaign of interruptions in drying rooms

Temperature (°C)

Room  Reference 11:00 h 11:30 h 12:00 h 12:30 h 13:00 h 13.30
Room A 30.0 26.3 26.1 27.8 28.1 304 30.6
Room B 18.0 18.0 18.1 18.3 18.7 19.2 18.4
Room C 8.0 8.0 8.0 8.4 8.6 9.0 8.2
Room D 4.0 3.1 3.5 3.9 4.0 4.3 3.1




