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This paper describes a new approach to material resources efficiency evaluation for industrial
enterprises. This approach is based on material flow cost accounting and is aimed at reconciliation
of economic and environmental aspects of the production process. A new mathematical model of
material flows’ cost introduced in generalized form, its differences from standard model are shown.
In particular, given model takes into account production process’ time parameters and can be used
for analysis of systems with an arbitrary structure; it does, however, require significantly more input
data, as calculations make use of momentary material flows’ values and not accumulated values for
a time period. With the help of new model cases are illustrated, in which application of standard me-
thod can provide incorrect information. Based on the model, three types of material resources effi-
ciency indicators are formulated and a way of their application in optimal planning procedures is
shown. Finally, advantages and drawbacks of the method in general are discussed, as well as pros-
pects of its further development.

Keywords: management, material resources efficiency, material flows cost accounting.

Introduction

For industrial enterprises material resources are the place where significant amount of funds is con-
centrated, thus they have always been the subject to managerial activities. Today, however, the problem
of efficient material resources management is particularly acute, as the political tensions and the global
economic instability greatly increase price of decisions made [1]. In addition, in the second half of
20th century the idea of profit maximization was replaced by the concept of sustainable development,
which led to new understanding of material resources efficiency [2]. Therefore, a need has arisen for
the development of innovative, scientifically approved tools and methods that would allow integration of
economical, environmental and social problems. Prominent examples of such tools are MFCA (Material
Flow Cost Accounting) [3] u LCA (Life Cycle Analysis) [4], both included in the ISO 14000 standards
family [5, 6] and used for strategic planning in large industrial enterprises as well as government bodies
in several countries of Europe and Asia.

In Russian Federation transition to sustainable development officially began with the decrees of
the President [7, 8]. As a result, a system of standards harmonized with the ISO 14000 was developed,
outlining guidelines on implementation of the manufacturing processes. In particular, “Resource Saving”
series is of interest, as related papers deal with material resources efficiency evaluation and improve-
ment [9]. In the standard, an effective material resource management is described as following: “An ac-
tivity to ensure timely and complete production cycle at the plant, in the organization of materials supply
in accordance with the standards, technological rules and regulations. To design and implement indus-
try-specific requirements for waste reduction, as well as procedure of waste management for each stage
of technological cycle.” Standards also provide an insight on potential ways to improve material re-
sources efficiency, best available technologies and relevant methods of planning and control within dif-
ferent industries.

Material resources efficiency evaluation approach presented in this paper is based on MFCA — an
input\output analysis method proposed in Germany in the 1980s. In the 2000s it was further developed
and promoted in Japan by the efforts of the Ministry of Economy, Trade and Industry. Today there are
many evidences of successful application of MFCA in different industries [10]. There is also a software
product available, that provide means to create MFCA models and calculate their characteristics [11].
MFCA gives a view at the complete system of interactions between environment and the subject
(depending on scope it can be separate department, an enterprise or a supply chain). Thus it enables
managers to design and implement measures to improve material resources efficiency with regard to
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systemic effect, rather than “end-of-pipe” solutions inherent to conventional practice [3]. However,
a mathematical inconsistency was noticed during MFCA model analysis. In the article a new generalized
model is proposed and along with it the inconsistency is illustrated.

1. Terms and definitions

An aggregate of production process can be viewed as a set of quantification centers (QC) linked by
material flows. Quantification center can represent any part of production process where means to regis-
ter amounts of incoming and outgoing materials exist. Material flow is the amount of material resources
(raw materials or parts in processing) transported from one quantification center to another during se-
lected time period. It is advised to select the scope of the model so that incoming and outgoing material
flows would be as homogeneous as possible since it will affect relevance of calculations. Thus, a manu-
facturing system with n quantification centers may be represented using the network model shown in
Fig. 1:

The model shown in Fig. 1 is a weighted graph with 2n + n(n — 1) edges. Quantity centers with
numbers 0 and n + 1 are artificial and have special meaning. Material flows from QC 0 represent ship-
ments from external providers, as well as wares taken from internal stocks. Material flows coming to
QC n + 1 represent shipments to external consumers and replenishment of internal stocks.

We denote amount of materials sent from QC i to QC j at time ¢ as O, (f). Amount of materials re-
ceived — I, (7). If it takes #;; for materials to reach QCj from QC /, then we can say that O; (t) =L, (t + t;)) =
=M, (), With this denotations we can represent a quantity center as it shown in Fig. 2:

7

Mo (= 26) M; 1(7)

Myt —1ti13) M, i1(2)

Mic1 it = tiv1 ) M; i+1(2)

Mn f(t — 1y i) Mi n+l(.t)
Fig. 1. Manufacturing system network model Fig. 2. Quantification center

In the Fig. 2 S(#) stands for system costs which consist of equipment amortization, salaries, energy
costs and so on. W,(f) — amount of generated waste, which is calculated with the help of material balance
equations:

n+l

Wi(t):ZM_ji(t_tji)_zMij(t)' (1
j=0 J=1

Waste processing cost (per unit) at QC i we will denote as Wpc;. System costs, waste processing costs
and volumes (masses) of material flows are considered to be known values and make up inputs of
the model.

Besides volume (mass), material flows also have value, or cost. We denote cost of material flow
M,; (t) as Mc; () and calculate it by following formulae:

Me; ;(2) Z%[Si(ﬂ"‘ iMcki(l‘ — b))+ Wpe; Wi(t)} (2)
szi(t_tki) k=0
k=0

Waste cost We(?) is calculated in similar way:
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We, (1) =—
ZMki(t_tki)
k=0

By dividing (3) by sum of (2) and applying (1), another expression for Wec,(¢) can be obtained:

L(t)(si(t)"'iMcki(t_tki)-'_WpCi Wi(t)} ®
k=0

n n+l
21\/11,.(t—zj,.)—ZM,.j(t)n+1
We,; (1) =L > M, ;(0). @)
ZMij(f) /=1
Jj=1

The first multiplier in (2) and (3) determines how value is distributed between outgoing material
flows. In this particular case it is mass proportion, although any coefficients D;; (for outgoing flows) and

Dw; (for waste) can be used as long as condition Zj:l D, ; + Dw; =1 1s satisfied. The condition is

required to ensure integrity of the model by preserving amount of funds invested in production.
The second multiplier in (2) and (3) represents accumulated in QC i value that is made up from system
costs, incoming flows costs and waste processing cost.

2. Calculation of indicators
Estimated waste costs can be used as-is to point out critical areas in manufacturing process. However,
for comparative analysis and planning it would be more reasonable to calculate proportion of waste
costs in total funds invested as such indicator is less sensitive to fluctuations in production rate. Then
said indicator (denoted as C) for period of time between #0 and ¢1 can be calculated with following for-
mulae:
n

t1
> j' We, (1)ds
C= =L (5)

n tl :
> J. (Mcoz‘(f —1;) +S;(1) + Wpc, Wi(t))dt
i=l 10
Unknown functions Wy(¢) and Wc{(?) can be found from equations (1) and (4) respectively. Func-
tions Mc; (#) — from equations (2). For network models with no loops finding Mc; (¢) is simple. In most
general case, however, it is not a trivial task. It is also worth noting that coefficients

n+l
" M, ()
Dizzjjpijz nzj—l J
Zj:()Mji(t_tjl)
n n+1
Zj:()Mji(t_tji)_zjleij(t)
Zj=0Mji(t_tji)

show material consumption rate in QC i. This rate depends mostly on equipment condition and setup,
in normal circumstances it does not change much with time [12]. Therefore the integral

b

Dw,=1-D; =

n n+l
i g 2Myi=1) =2 M@0
[ We; (e = [| E——r J=! > M, (¢) fdt
t0 t0 ZMij(t) j=1
=l
can be slightly simplified:
t1 1_ n+l tl
_ i
JWci(t)dt— o Z_: ch,.j(t)dt.
10 i j=1¢0

In MFCA total material flow cost must be calculated with following formulae:
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t1

t1 J.Mi/(t)dt 11 n
[Me, ; (o)dr =—10 j[s,.(m > My (t—t,)+ Wpe; wi(z)sz. (6)
0 Ziji(t_tki)dt 0 0
k=00
However, plain integration of (2) gives slightly different expression:
t1 t1 M. (¢ n
[ M, ;(t)dt = j%[sm + > My (t = t;.1) +Wpe, W, (t)Jdt. (7)
t0 ) k=0

tOZMkl(t_tki
k=0

This illustrates the inconsistency mentioned in the introduction. Expressions (6) and (7) are equal in one
particular case when material flows volumes are constant or insignificantly change with time. Then we
can denote (tl - tO)MU(tr) = M/, (tl - tO)MCU(tr) = MC,']‘, (tl - tO)WI/(tr) = I/Vl], (tl - tO)WCl/(tr) = WCI"/',
|

ISi (t)dt = S;, where 10 < t, < t1. With these denotations equation (2) takes the form:

10

M_ . n

Me; ; =— (Si+ZMcki+WpciWiJ. ®)
ZMki k=0

k=0

Expressions (8) form a system of #° linear equations (by the number of edges with unknown values in
the network model) with n* variables. This greatly simplifies calculations, but in most cases the assump-
tion is contrary to real situation and may lead to distortion of the information received from the model.
Another issue is related to analysis of looped manufacturing systems, where portion of generated waste
is reused. In MFCA looping material flows do not add value to the QC they reach, so that the conse-
quential calculation algorithm it employs can be completed in a one go. In return, overall value alloca-
tion is wrong. Actual degree of deviation between indicators is subject to separate research and requires
collection and analysis of experimental data.

Usually quantification centers can be related to separate facilities within the enterprise. In this case
three different types of efficiency indicators can be calculated: for an individual QC, for a group of QCs
and, finally, for system in general. These indicators are of interest for managers of different levels and
can be utilized for solving corresponding administrative tasks. To formally define the material resources
efficiency indicator for a set group of QCs, we introduce following denotations: m — number of groups
in the system; o, — numbers of QCs that belong to the group p; Q — set of all QCs numbers. Obviously o,

must not have any common elements, which means that ﬂzzl ®, =&. Then material resources effi-
ciency ¢, within group p for the time period between 70 and ¢1 can be defined in a way, similar to (5):

> ]1 W, (t)dt

leu)p t0

sz

i1
> j > Mo (t—t;)+S:(0)+Wpe, W, (1) (dt
iew, 10\ jeQo,

As mentioned before, indicators ¢, are used for comparative analysis of several facilities or different
configurations of one facility. The analysis provides support to decision making in planning of equip-
ment renovation, changes in product design and bill of materials. Another example of the indicators ap-
plication is allocation of production rates between available facilities. Formally, this task can be viewed
as linear programming problem, where objective function Z = ¢1x; + ¢;x; + ... + ¢,X,, — min. Variables

Xp = 2ieap M;,., there represent amount of production to be produced at the facility p. Limitations for

the problem are derived from facilities throughput, available stocks of materials, allowed amounts of
waste and so on.

156 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2015, vol. 16, no. 1, pp. 153-159



XanduH K.C. Memod oueHku 3aghghekmueHOCMU UCNONIb308aHUSI MamepuasbHbIX
pecypcoe 0sisi Mpou3e0dcmMeeHHbIX cucmeM ¢ 0606weHHOU cmpykmypolu

3. Prospects of further development

Application of the proposed method to the planning process involves a number of difficulties re-
lated to instability of the calculated indicators: while indicators are less sensitive to changes in produc-
tion rates, any alteration of facility logistics or equipment setup will change coefficients D;; and Dw; and
indicators ¢, along with them. Another problem is that fluctuations of system and material costs make it
impossible to use efficiency indicators for long-term planning, as it invalidates value allocated between
material flows. To alleviate this problem, however, it is possible to provide predicted costs to the model.
Thus, integration of different managerial and economic tools aimed to improve capabilities of the me-
thod is the main development prospect.

Mathematical model shown in the article provides fine base for calculations automation. It also re-
quires a lot of data that have to be collected and stored for multiple reuses. At the moment, there is only
one software product on the market that enables MFCA [12]. Since it utilize standard cost calculation
algorithm with inherited limitations, development of the new information system is an urgent task
as well.

Conclusion

MFCA became a major tool for material resources efficiency evaluation as more and more civilized
countries strive to achieve sustainable development. It enables managers to take in consideration both
economical and ecological aspects of production process, to acknowledge cost allocation between stages
of the technological cycle or facilities within the supply chain. MFCA implementation within a company
helps to systemically reduce production costs and amounts of waste generated.

To enhance MFCA, a new generalized model was introduced in the article. The model takes into
account reused materials during value allocation process. It is also shown, that the value of material flow
accumulated during a time period should be calculated in a different way. However, there are a number
of mathematical complications involved in the development of proper algorithm, which makes it a pros-
pect for further research.

Another way to improve MFCA is outlined in the last section of the article. It lies in integration of
MFCA with other analysis tools, such as mathematical programming and Markov chains, as well as
adoption of the method to the long term planning [13].
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METOA OLIEHKN 3®®EKTUBHOCTU UCMNOJIb3OBAHUA
MATEPWUAIbHBIX PECYPCOB 11 NPOU3BOACTBEHHbIX
CUCTEM C OBOBLLEHHOU CTPYKTYPOU

K.C. Xanoun
FOxHO-Yparnbckul 2ocyOapcmeeHHbIlU yHusepcumem, 2. YenssibuHck

OmnwuchIBaeTCs HOBBIM crtocod n3MepeHus 3GEeKTUBHOCTH HCIOIb30BaHUS MaTepHaIbHBIX pe-
CypPCOB Ha IPOMBIIUICHHBIX NPeAnpUATHsIX. [laHHBIA c1T0COO OCHOBBIBAETCS HAa METOAMKE OLCHKH
CTOMMOCTH MaTepHaIbHBIX NMMOTOKOB M MPEIIOIaraeT B3auMOYBSI3KY 3KOHOMHUYECKHX M JKOJIOTHYe-
CKHX IOKa3aTesiell MpOoU3BOJICTBEHHOTO Mpouecca. B obiem Buie NpUBOAUTCS CIIEMaNbHas Mare-
MaTH4ecKas MOJAEIb CTOMMOCTU MaTepHAIbHBIX IIOTOKOB, JEMOHCTPUPYIOTCSA €€ OTIMYHUS OT CTaH-
JapTHOM Mozenu. B wacTHOCTH, MpesoKeHHAass MOJENb YYUTHIBAET BPEMEHHBIE XaPAKTEPUCTUKU
MPOM3BOJICTBEHHOTO NpOLiecca U MOXKET ObITh MCIOJIB30BaHA ISl aHAIHM3a CHCTEM C IPOU3BOJILHOM
CTPYKTYpO#, OIHAKO TpeOyeT 3HAYMTENIHLHO OOJIBIIET0 OO0beMa MCXOAHBIX JIaHHBIX, ITOCKOJBKY B
pacyerax HCIONB3YIOTCS 3HAUECHHS 00HEMOB MaTEpHUAIbHBIX IIOTOKOB B OT/JEIbHBIE MOMEHTHI Bpe-
MEHH, a He HAKOIUICHHBIE 3HAUCHHUS 32 OTYETHBIN nepuo. Taxke ¢ MOMOIIBIO CHEUaIbHON MOAEIN
MPOMUTIOCTPUPOBAHEI CIIy4au, B KOTOPBIX HCIIONB30BaHUE CTAHAAPTHON METOIUKH MOXKET MTPUBECTH
K TIOJIyYCHHUIO 3aBEJOMO HeBepHOW mHpopMaimu. Ha ocHOBe NpeuioyKeHHONW MaTeMaTH4eCKOH MO-
Jenu copMyIMpOBaHbl OIIGHKH TPEX BUJOB M MOKa3aH CHOCO0 MX MPUMEHEHUs B 33ja4ax ONTH-
MaJIbHOrO IUTaHupoBaHus. HakoHern, oOCyXIal0TCsl JOCTOMHCTBA M HEJOCTaTKH METOJa B IIETIOM,
a TaKk)Ke MEePCIEeKTUBEI €0 JTaNbHEHIIero pa3BUTHsL.

Knmiouesvie cnosa: ynpasnenue, 3¢p@pekmugHocmn, OyeHKa MamepuaibHuix HOMoKos.
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