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Abstract. Increasing energy efficiency is one of the main objectives of the
Directive 2009/28/EC of the European Commission (called 20-20-20), which
aims at decreasing greenhouse gas emissions by jointly increasing the use of
renewable energy and improving energy efficiency, all by 20% until 2020. To
reduce energy consumption in producing and distributing products, it is of
major importance to consider energy consumption in the whole supply chain
and for all activities associated with production and distribution. For this
reason, this paper studies a single-vendor single-buyer integrated production-
inventory system and explicitly takes account of energy consumption. The use
of energy is weighted with a cost factor and evaluated together with classical
production-inventory costs. We find that if energy costs are considered together
with traditional cost components, then the inventory costs of the system
increase slightly in the optimum, but the total costs of the system decrease and
we observe great energy savings.

Keywords: JELS, joint economic lot size model, energy efficiency, energy
consumption, single-vendor single-buyer, lot sizing

1 Introduction

Reducing energy consumption is an important measure for firms to lower costs and
increase competitiveness, especially in energy-intensive sectors. In trying to reduce
the use of energy in industry, a coordinated approach of multiple stages of the supply
chain is more promising than individual, uncoordinated actions taken by the members
of the chain.

The benefits of coordinated production and replenishment decisions have
frequently been studied in the past. So-called joint economic lot size models [1]
extend the classical EOQ model to take account of additional cost factors, such as the



costs of backorders and lost sales or quality-related costs. Costs associated with the
use of energy have, to the best of the authors’ knowledge, not been considered in
supply chain models before, apart from a preliminary investigation reported in [2].

In many industries, energy is one of the most important resources. Preserving
energy is the best way to ensure a reliable and sustainable energy supply and to
reduce greenhouse gas emissions. Energy can be saved by introducing higher levels of
energy efficiency throughout the supply chain, which includes the generation of
energy, its transmission and distribution as well as an efficient end use.

This work aims at integrating the use of energy in the classical production-
inventory costs of a single-vendor single-buyer supply chain. The intention is to
investigate the behavior of the main decision variables in the presence of energy
costs. The developed model helps managers in the tactical decision on how to
coordinate production, distribution and storage in a supply chain to meet economic
and environmental (strictly linked to the total energy spent) targets.

2 The system

This study considers an integrated production and inventory system with a single-
vendor and a single-buyer, as illustrated in Figure 1.

In this paper, we assume that energy consumption in the supply chain can be
influenced by changing the production rates of the vendor and by determining the size
of the warehouses used at both parties. Both decisions influence the use of energy in
the supply chain by determining how much energy the machines of the vendor require
for processing a product, and how much energy is used for operating the warehouse.
The use of energy in production has been studied by [3], who showed that different
production rates result in different levels of energy consumption. In warehousing,
especially for products that need particular conditions for proper storage (e.g. food or
perishable items), the dimensions of a warechouse directly impact the use of energy,
e.g. due to the need to light or cool the facility [4]. Thus, the consumption of energy is
influenced by the lot size decision, and it can be weighted with a cost factor and
added to the traditional production-inventory costs.

VENDOR BUYER

Production Warehouse
Line

Fig. 1. System considered in the analysis



The following notation will be used throughout the paper:
A;: setup cost of the vendor [€/1ot]
Aj: order cost of the buyer [€/order]
h;: inventory holding cost of the vendor [€/unit/time unit]
hy: inventory holding cost of the buyer [€/unit/time unit]
p: production rate [unit/time unit]
D: demand rate[unit/time unit]
n: number of shipments per production lot [delivery/lot]
q: quantity transported per delivery [unit/delivery]
Gmax,»; maximum level of stock of the vendor that can be kept, which is subject to
the dimensions of the warehouse
Gmaxp: maximum level of stock of the buyer that can be kept, which is subject to the
dimensions of the warehouse
Q: lot size [unit/lot] = n'g
e: energy cost [€/kWh]
a, b: coefficients that depend on the specific production system (machine) of the
vendor
a, f: coefficients that depend on the vendor’s warehouse characteristics
y, 0: coefficients that depend on the buyer’s warehouse characteristics
TrC: traditional total cost (cost per time unit [€/time unit], a function of n and ¢q)
EC: energy costs (cost per time unit [€/time unit], a function of # and ¢)
TC: total costs considering (TC=TrC+EC).

Moreover, we assume that p>D, i.e. the production rate is higher than the demand
rate and stock-outs or shortages are not allowed.

3 Model

In the following, we develop a model that considers the total costs of producing
and distributing a product in a single-vendor single-buyer supply chain and that
explicitly takes account of energy costs. We then compare the traditional single-
vendor single-buyer system to the system that takes account of energy consumption.
The total costs of the traditional single-vendor single-buyer system are formulated as
the sum of setup costs, order costs and inventory holding costs for the vendor and the
buyer.

In the traditional model, the total inventory costs (7rC(g,n)) are a function of the
lot size and the number of shipments, and they are calculated as follows [5].

D D - —D)'n-
TrC(q,n)=(A1+n-A2)-ﬁ+h1-< 9,°-D) q>+(hz—hl)-g

2°(1)

p 2-p

Energy costs are formulated as the sum of energy costs during production at the
vendor and energy costs caused by storing the products in warehouses at the vendor
and the buyer.



As was shown by [3], energy consumption during production can be divided into
fixed energy consumption (costs), which is independent of the production rate, and
variable consumption (costs). Fixed energy costs are caused by auxiliary tools of
machines which are switched on during standby and which consume energy although
the machine is not producing. Variable energy costs, in turn, depend on the
production volume that is processed per unit of time. Both types of energy
consumption are illustrated in Figure 2. The fixed component is not affected by a
change in the production rate or an increase in the volume of the warehouse, while the
variable component increases as the production rate of the machine is increased.
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Fig. 2. Energy consumption as a function Fig. 3. Specific energy consumption as a
of the production volume. function of the production rate

Figure 3 illustrates how energy consumption per unit of the product develops in the
production rate. It can be seen that if we consider the Specific Energy Consumption
(SEC) [kWh/kg], the variable component remains constant for different production
rates, while the fraction of the fixed component that is assigned to one unit of the
product decreases as the production rate is increased.

A number of studies have been carried out to benchmark energy uses in
warchouses [4]. Based on this empirical evidence, especially for refrigerated
warehouses, the relationship between SEC and the volume of the warehouse can be
modeled as in Figure 4. Thus, the SEC decreases both in the production rate as well as

in the size of the warehouse.
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Fig. 4. Specific Energy Consumption as a function of the warehouse size.



In this work, the energy consumption of the production process and the warehouse
are formulated with the help of the SEC, which is a well-accepted variable for
measuring energy consumption and energy costs. All types of energy consumption,
named SECy, for the specific energy consumption at the production line of the
vendor, SECy,, for the specific energy consumption at the warehouse of the vendor
and SECp, for the specific energy consumption at the warehouse of the buyer, are
modeled as follows:

SECy, =a-(p)™" (2)
SECVW =a- (qmax,v(q' n))_B 3)
SECgy, =y (qmax,b (q))_6 4

The maximum inventory at the vendor is 4. ,,(q,n) = q -7 - (1 - %), while the

maximum inventory at the buyer equals g4, ,(q) = q.

Energy costs are calculated as the energy consumption of the production process,
i.e. the specific energy consumption multiplied with the demand and the energy cost
(ECyyp), and the energy consumption of the warehouses, calculated as the specific
energy consumption multiplied with the maximum size of the warehouse and the
energy cost (ECyy, ECpy), as in the following formula:

ECy, =SECy,-D-e %)
ECy,, = SECyy, - Qmaxy (q,n)-e (6)
ECg,, = SECg,, * Qmax.,b (@) -e @)
The total energy cost is the sum of the three components given in Egs. (5) to (7):
EC(q,n)=ECVp+ECVW+ECBW (8)

If energy costs are considered in addition, the total costs are a function of the lot
size and the number of shipments, and they are calculated as:

D Dq (p-D):'n-q q
TC(q,TL)—(Al'l'Tl AZ) ﬂ-l_hl ( » + Zp +(h2—h1) E (9)
D —B+1
+a-p"’-D-e+a-<Q-<1—;>> ety (@7 % e

The optimal values that minimize 7rC(gn) are (¢.n"), while the optimal
parameters that minimize TC(g,n,) are (¢ ,n" ). Since it is not possible to use the first
order conditions to minimize Eq. (9), a numerical analysis is necessary to investigate
the behavior of the system.

4 Numerical Analysis

To study the behavior of the model, we performed a numerical analysis to
investigate how the model parameters influence the optimal solution of the energy
model. We performed the numerical analysis for a company in the dairy sector of
Parmesan production and aging. The high energy consumption in this sector is due to
the conditioning of the warehouse, in which milk and cheese are stocked.

Table 1 summarizes the data that was used in the analysis.



Table 1. Data used in the numerical analysis

Milk necessary 14 | [Vkg cheese] h, 0.15 | [€/ton year]

Weight 8 | [kg/Cheese round] o= 392.15
Volume occupied 30 | [Cheese round/m’] p= 0.256
p= 2+50-10° | [I/year] = 392.15
D= 2-10° | [I/year] o= 0.256
A= 2,000 | [€/set-up] a= 25.354
A= 400 | [€/order] b= 0.29

h,= 0.1 | [€/ton year] e= 0.12 | [€/kWh]

The results of traditional model (minimizing Eq. (1)) and the energy model
minimizing Eq. (9)) are summarized in Table 2.

Table 2. Results of the numerical analysis

Q [kg TC TrC EC Energy Energy Total
cheese] [€/year] [€/year] [€/year] storage production | TOE/ton
[TOE/ton] [TOE/ton]
Min 7rC 21,381 840,682 36,757 803,924 3.70 0.33 4.03
Min 7C 3,506 370,629 132,989 237,640 0.86 0.33 1.19

The results illustrate that the proposed energy model leads to a higher profit than
the traditional model which does not consider energy costs. The total costs and the
energy costs are lower in the energy model than in the traditional model, even if
inventory carrying costs are higher. Figure 5 illustrates the trends of the total costs
and its two main components as functions of the lot size Q.
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Fig. 5. Energy and traditional costs as functions of the lot size Q

Figure 6 illustrates the behavior of the two main cost components while varying the
production rate. As can be seen, the result is that both cost components (EC and 7rC)
increase in the production rate, but that the increase in 77C costs (difference between
dashed black line and dashed gray line) for the case where the optimal parameters
considering energy consumption (¢, n") are used is much less than the decrease in
EC (difference between continuous black line and continuous gray line) while
adopting the same parameters.
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Fig. 6. Energy and inventory costs for the cases where the optimal parameters of the traditional
model and the optimal parameters of the proposed energy model are adopted

Figure 7 illustrates the trend of the total specific energy consumption, the specific
consumption of energy by the warehouse and the specific energy consumption of
production as functions of the ratio of the demand and the production rate (D/P).
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Fig. 7. Specific Energy Consumptions as functions of the ratio of the demand and the
production rate

5 Conclusion

This study proposed a variation of the traditional single-vendor single-buyer
production inventory model by considering energy cost components for production
and for warehousing of items (at the vendor and at the buyer). To model these cost
components, we used specific relationship that were found in empirical studies. In
particular, the production rate mainly affects the specific energy consumed during the
production process, while the size of the warechouse (which is a result of the batch
sizing policy) mainly affects the specific energy consumed for properly storing the
items at the vendor and at the buyer.



The main finding of the study is that it is possible to reduce total costs while
accounting for energy components and to obtain consistent saving in energy
components, while only a small increase in traditional inventory carrying costs has to
be accepted. Moreover, the results of this study are particularly important for energy-
intensive production processes in which the production rate may be set to a
particularly high value.

This study has several limitations. First, it considered a very specific functional
relationship to model the impact of the production rate on energy consumption. Other
studies have shown that a varying production rate leads to a different pattern of
resource consumption [6-7], and this may be valid for energy consumption as well. It
is obvious that if a different functional relationship is assumed, the results of the
model may change. Secondly, this study did not take account of all processes in a
supply chain that consume energy (e.g. in [8] the effect on lot sizing decisions of
different temperature settings in a cold supply chain is studied). Accomplishing these
two and other aspects in an extension of this paper would be helpful to further our
understanding of the impact of energy consumption and energy costs on the
production and distribution policies of supply chains.
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