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Abstract
Municipal solid waste (MSW) management is a critical issue in the Kingdom of Saudi Arabia (KSA). Management of 
solid waste in crowded conditions, especially in main cities such as the Al-Taif Province. This paper deals with that case 
study and focuses on how to solve material handling problems by applying conventional methods and computer ability. 
One of the costliest operations in the civil sector is transportation for material handling. City mayors considered trans-
portation and materials handling as a subclass of the linear programming technique, thus linear programming problems 
take into consideration that the main objective is to handle materials from the city centre site to the identified dumping 
area. There are many methods and tools used to solve the transportation problem (TP) to find out the maximum or 
minimum in order to reduce cost or maximize profit. The methods related to manual solutions and others used many 
different computer applications. Manual solutions include the northwest corner method, the minimum cost method, the 
row minimum cost method, the column minimum cost method, and Vogel’s approximation method, and computer ap-
plications such as LINGO, Lingo, and solver function using Microsoft Excel. This case study focuses on applying the 
Microsoft Excel function to find the minimum cost of the transportation system in waste materials to reduce the trans-
portation cost from the city centre to the final destination (dumping area) to be used. The results achieved with the 
model aided in obtaining optimal solutions and finally, the optimal solutions were checked.

Keywords:
waste material handling; transportation problem; linear programming (LP); Microsoft Excel solver; LINGO.

1. Introduction

In recent years, the rapid growth of the urban popula-
tion and economic prosperity has increased govern-
ments’ responsibilities to mitigate the negative effects of 
this growth. The increasing growth in environmental 
degradation and waste per capita in recent years is one of 
the most severe repercussions. As a result of these wor-
rying circumstances, major innovation is required to en-
hance solid waste management (SWM) (Asnani and 
Zurbrugg, 2007). Municipal solid waste (MSW) is any 
solid waste produced within the boundaries of a district, 
despite its physical or chemical nature or origin (Sharma 
and Jain, 2020). Table 1 gives the allocation of various 
types of solid waste to their respective sources.

Due to population increase, rapid urbanization, and 
industrialization tendencies, cities and counties in the 
Kingdom of Saudi Arabia (KSA) are currently confront-
ing issues in managing enormous volumes of solid gar-
bage. With the present population of around 35 million 
inhabitants based on the most recent 2020 statistics, 
KSA generates over 15.3 million tonnes of solid waste 
per year (Zafar, 2015). Urban areas are home to even 

more than 75% of the nation’s people, necessitating the 
development and implementation of evolution that is 
long-term techniques in city and county MSWM sys-
tems, especially in mid to large cities. Some significant 
municipalities in Saudi Arabia (e.g. Riyadh, Jeddah, 
Makkah, Dammam, Dhahran and Jubail) have already 
implemented effective management strategies, such as 
waste treatment, sorting, handling, reusing, and recu-
peration of energy (Al Mazrouei, 2015; Nizami, 2017).

In many countries, the management of municipal sol-
id waste (MSWM) is getting more difficult as landfill-
based systems give way to resource-recovery-based so-
lutions (Burnley et al., 2007). According to a recent es-
timate of greenhouse gas emissions from solid waste, 
which accounts for 4.1 percent of total GHG emissions 
and, of course, poses a significant management and dis-
posal challenge (Agreement, 2015).

In Saudi Arabia, solid waste collection, such as gar-
bage, is collected in bin containers from various loca-
tions and disposed of in landfills or dumpsites. Saudi 
Arabia also lacks adequate waste disposal infrastructure, 
with most landfills predicted to reach capacity within ten 
years (Tadesse et al., 2008). Though many MSWM al-
ternatives have indeed been applied to decrease health 
hazards, sanitary landfill remains the most commonly 
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used MSWM technology. Runoff from landfills, on ei-
ther hand, contaminates the soil and has an impact on 
surface and groundwater (Ivošević et al., 2022; 
Damijanić et al., 2022; Jakovljević et al., 2022). Pol-
lutants can be avoided by developing waste disposal 
frameworks in such a way that the garbage is secluded 
from the entire environment (Voběrková et al., 2017; 
Jovanov et al., 2018; Hadidi et al., 2020). The majority 
of waste is presently placed or dumped into landfills all 
over the world. Nearly 37% of waste ends up of in a 
landfill, with 8% heading to sanitary landfills equipped 
with landfill gas storage tanks. Roughly 31% of waste is 
deposited publicly, 19% is regained through recyclables, 
and 11% is burned for disposal (Kaza et al., 2018), as 
shown in Figure 1.

Many tools are used to reduce the total cost and select 
the best selection of landfill. Water, sanitary, garbage 
pickup, hurricane drains, public utilities, asphalted walk-
ways, and streets for quick access are all lacking. Linear 
programming (LP) is an indispensable tool for solving 
optimization problems (Graham-Taylor, 1992; Hasan 
et al., 2022; Khalaf et al., 2022). Anderson (1968) was 
the pioneer to propose a computational formula for opti-

Table 1: The origins and forms of solid waste

Origin Common waste producers Solid waste classifications
Household 
(private sector)

Single or multi dwellings Sheet, cartons, kitchen waste, plastics, fabric cloths, nubuck, 
garden waste, bottle, cellulose nanocrystals (timber, vegetation, 
and trimming), metal alloys, dusts (heaters and pipe tobaccos), 
special waste of precious (e.g. thick and heavy consumables, white 
goods, electrical components, battery packs, car tires, oils), and 
various types of hazardous household waste are all acceptable.

The 
manufacturing 
industry

Fabrication, energy and industrial 
plants, and renovation are all 
examples of luminous and heavy 
industry company sites.

Household waste, various packaging, kitchen wastes, industrial 
materials, cremated remains, toxic materials, and special waste are 
all examples of waste.

Enterprise of 
commerce

Warehouses, businesses, culinary, 
hotels, and office buildings, among 
other things.

Parchment, cartons, plastic products, timber, food scraps, glass, 
metals, special waste, and toxic materials are all acceptable 
materials.

Educational 
sector

Colleges, academic institutions, 
elementary schools, clinics and other 
health-care facilities, prisons and jails, 
and federal facilities.

Similar to the commercial industry

Renovation, 
infrastructure 
and destruction

Sites for new builds, renovation of 
existing, highway restoration, and 
structure dismantling.

Lumber, metal, pavements, concretes, insulators, mud, debris, and 
other materials.

Service offered 
by municipalities

Road maintenance, green spaces, 
gardening, shorelines, orchards, play 
areas, athletic facilities, other outdoor 
spaces, and sewage treatment plants 
are all examples of public works 
projects.

Road scrapings, scenery, tree- and forest peelings, various waste 
accumulating in gardens, coastline, shores, and other sports fields, 
and sludge from splashing.

The processing 
industry

Heavy and light industrial production, 
petrochemical industries, (bio)
refineries, power stations, natural 
resource mineral processing, furniture 
making, and laminate works.

Waste from industrial processes, forest residues, disposal, off-spec 
product lines, ash, and slags.

All of the aforementioned items should be classified as “municipal solid waste” (Saleh and Koller, 2019).

Figure 1: Global waste management

mizing waste disposal. Numerous different scientists 
have since developed SWM models to serve as choice 
tools for waste treatment facility decision making, place-
ment, and dimensioning. Rathi (2007) developed a 
mathematical optimization method in Mumbai to incor-
porate multiple alternatives and relevant parties in 
 Municipal waste management. Various financial and 
ecological costs associated with MSW disposal were 
considered. As waste processing/disposal alternatives, 
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society upcycling plants, mechanical anaerobic treat-
ment plants, and landfills were all included in the model, 
with environmental costs (Paul et al., 2020). Najm et 
al. (2002) proposed maximization strategies for design-
ing low-cost SWM systems that take into account a 
range of management activities. Their modelling ap-
proach takes into account solid waste production, char-
acteristics, selection, diagnosis, removal, and the possi-
ble environmental consequences of various MSW man-
agement systems.

Daskalopoulos et al. (1998) suggested a linear pro-
gramming (LP) model that considered both financial and 
ecological factors. In this model, the optimal MSW 
evolves to different kinds of alternative treatments are 
obtained by finding a linear cost function Environmental 
costs were calculated using carbon dioxide emissions 
and their possibilities for climate change. In Istanbul, 
Turkey’s MSW management system, Kirca and Erkip 
(1988) created a linear programming model for locating 
transfer stations. Baetz (1990) used dynamic program-
ming to determine the size and timing of massive gar-
bage dumps and disposal plants. Or and Curi (1993) 
adopted a mix integer linear programming (MILP) mod-
el to improve the city of Izmir’s system for collecting 
and transporting solid waste and reduce total solid waste 
collection and transportation costs. Kulcar (1996) em-
ployed a linear programming approach to optimise tech-
niques for collection in a major urban area with low 
waste transportation costs. Chang et al. (1997) suggest-
ed a fuzzy interval mixed integer multi-objective linear 
programming model for evaluating solid waste manage-
ment strategies in a cosmopolitan region, indicating how 
variations could be measured using particular member-
ship function parameters and interval digits within a 
multi-objective analytical framework.

LP is one of the most widely applied techniques in 
many operations and is applicable to surface landfill 
waste, considering all operations and all constraints. The 
algorithm used by LINDOTM has been applied effi-
ciently to generate a suitable design for long-term land-
fill waste. This has added considerable theoretical 
knowledge of network LP (Shamshiry et al., 2011). 
One of the oldest and most productive implementations 
of linear optimization algorithms is the transportation 
problem. After adjusting the formulation and solution of 
the transportation problem as described, all equations 
were used in conjunction with a linear programming 
technique. Many solutions necessitated a significant 
amount of effort, relying on complex calculations, and 
requiring a considerable amount of time to reach the an-
swers by manual process. Computer skills are increasing 
dramatically, and they are used to solve many problems 
in different sectors of the engineering industry. One tar-
get is finding out the optimal solution to overcome the 
transportation problems (Keivani et al., 2015). The 
main challenges are evaluating the quantities and stand 

up to transport these materials from cities to final desti-
nation landfill areas. Linear programming is a good tool 
to find the optimal solutions (Dharma and Ahmad, 
2005), that is analysis for actual works. There are many 
researchers who studied and introduced the implementa-
tion of the transportation problem algorithm (Hasan, 
2012; Nikolić, 2007). There is some lack of information 
to completely understand and find the solution for that 
problem. Thus, manual methods were used to achieve 
the optimal solution, also computer application safe time 
and cost to carry out the optimal solution while taking 
into consideration the largest matrix. The primary goal 
of this research is to find the best solution for any identi-
fied problem by using a fully automated balance process. 
Analysis is one of the real tools to find and formulate a 
good model to find the optimal solution also recom-
mended to focus on material handling problems to get 
the highest profit from solving these problems.

The remainder of this manuscript is organized as fol-
lows. In Section 2, the problem’s description and meth-
odology are defined. In Section 3, data collections and 
problem assumption are discussed. Availabilities and 
production of waste in the Taif Province are revealed in 
section 4, and besides that, the results are presented, and 
the solutions are discussed in relation to the previous 
methodology. Section 5 concludes with the findings.

2. Method and problem description

The cost of transporting municipal waste to disposal 
sites has been calculated using linear programming (LP). 
Such a tool makes it possible to simulate the movement 
of waste from sources (cities) to disposal sites. The fol-
lowing factors have been implemented into LP:

• Calculate the amount of waste generated by cities.
• Determine the distance between dumping sites, the 

volumes of the disposal sites, and their locations.
• Use linear programming equations to link these 

variables (source quantity, dumping site locations 
and volume, distance).

• LP equations provide the solution in terms of the 
minimum cost.

Therefore, consider the m-dumping locations (ori-
gins) as O1, O2,… Om and the n-region (destination sites) 
as D1, D2,..., Dn respectively. Let ai > 0, i= 1,2, ….m, b 
the amount available at the ith cites Oi. Let the amount 
required at the jth region (landfill) Dj, bj > 0, j= 1,2,….n. 
Linear programming problems that describe a valid 
practical programming problem usually non-negative 
solution with a corresponding finite value of the objec-
tive function. The general linear programming is used to 
find a vector (X1, X2…Xj,….Xn) which minimizes the 
linear form (i.e. the objective function). The most com-
mon forms of linear programming problems are manual 
and computer solutions.
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2.1. Traditional Methods

Material handling is regarded as a subset of linear 
programming. The main purpose is handling any materi-
als from various «origins” (districts at the Taif Province) 
to different «destinations» (dumping site) with a mini-
mum of total cost (Saul, 1990). Many methods are used 
in solving that problem as example a case of linear pro-
gramming. Both the traditional and advanced methods 
are used in three objectives as mentioned below:

The first step is determining the linear objective func-
tion, (Maximization or Minimization) as given in Equa-
tion 1 as follows:

 , I =1, 2, ….m; j = 1, 2, …, n (1)

Where:
Xij – set of structural variables,
Cij – set as so-called “price coefficients”.

 

The second step is formulated linear structural con-
straints, all linear programing problems contain a set of 
linear constraints as given in Equation 2 as follows:

  (2)
Where:

i = 1, 2,……, m,
j= 1, 2, ……., n.
Formulation is the main target for solving the linear 

programming problem. This formulation is a technical 
specification of the problem to build the structure. Also, all 
constraints should be formulated and mentioned below.

2.2. Computer solution

In this study, Excel Solver is used to solve the trans-
portation problem for different models in the surround-
ing Taif governorate. A worksheet requires the establish-
ment of column and row headings for the specific model, 
as well as the input of constraint and objective function 
formulas in their entirety, rather than just the design var-
iables. This is also an additional benefit of Excel sheets, 
as it allows the problem to be arranged in an appealing 
layout for tracking and appearance purposes.

3.  Data collection and problem 
assumption
The engineering structures are composed materials. 

These materials are known as the waste form of human 
activities, as shown in Figure 2. One of the most impor-
tant materials is construction and building materials 
which are used in infrastructure, such as roads, building, 
etc., those materials considered as the biggest responsi-
ble for varied environmental impacts. During the devel-
opment and building phases, there should be a focus on 

the environmental impacts to reduce them as much as 
possible. Waste has become a concern for all nations, 
and from them it was necessary to bury these wastes in a 
correct scientific manner and at the lowest possible cost 
by making a mathematical model to transport these 
wastes from the possibility of collecting them to the bur-
ial places at the lowest possible cost.

4.  Availabilities and production of waste 
in Taif province

To solve the transportation problems of waste materi-
als, the following assumptions are considered in the de-
termination of the availabilities and production of waste 
cities. Assume that:

• The waste production is distributed according to the 
percentage of inhabitants of each metropolitan area 
to the total Governorate inhabitants in each region 
during the five-year plan.

• The total cost per unit distance to transport the unit 
volume of one cubic meter is considered constant. 
We shall use the distance from the origin (cities) to 
the construction site (dumping sites) as coefficients 
“C” from ith origin to jth destination to be Cij, i= 1,2, 
….m, j=1,2,….n., all data collected from the man-
agement of council of cites are illustrated in Tables 
3 to 5.

Figure 2: Location map for Taif city

Table 2: The productions waste from different locations

# Dumping site Available of the capacity m3

Northeast dumping site 30000

South centre dump site 40000

Southwest dump site 30000

Northwest dumping site 25000
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4.1. Software programming

We may notice the difficulties if we try to solve the 
problems of the dumping waste around the Taif Province 
either manually or by desk calculator when solving a 
small problem by hand applying the northwest corner 
rule. Vogel’s approximation method is a time-consum-
ing method. When we solve any matrix equal (rows, col-
umns) or non-equal (rows, columns) by using that Soft-
ware called Premium Solver Platform (PSP) the solution 
takes only few minutes. This software is easier; it uses a 
subclass of the Microsoft Excel function (Ali et al., 
2018; Ali and Sik, 2012; El Beblawi et al., 2007).

There are four steps which must be determined as fol-
lows:

• After opening a worksheet in Microsoft Excel, ac-
cording to the matrix, row column (m×n) should be 
determined to select the number of cells in the work 
sheet.

• In the first cells, insert the distance as cost with the 
availability of dumping site in the last column, and 
the requirements for regions in the last row.

• The second cell contains the changing variables 
such as (Xij) before solving. These cells are taken as 
zero and it takes the amount which is considered as 
the optimal solution later.

• The third cell contains constraints.
• The fourth cell contains the objective function.

4.2.  Optimum solution for transportation  
problem

As discussed earlier, the transportation problem has 
many ways to find a solution and each one has its diffi-
culties and advantages in accuracy and saving time. The 
linear programing methods for dumping sites are in the 
studied area will be used to define the optimum solution 
for this problem. The linear programing will be checked 
by two methods:

1. Solver function in an Excel worksheet.
2. Lingo solution model.

4.3. Linear programming for sand model

4.3.1. Solver function in Excel sheet for sand:

The following Tables 3 to 7 represent the matrices of 
linear programming for waste around the Taif Province 
also, indicate the objective functions and constraints and 
finally, the optimal solution for that proposed model.

4.3.2. Lingo solution for the proposed model

Firstly, the constraints and their formulations should 
be considered when solving the transportation problems, 

Table 5: Constraints and objective function for the sand 
problem

DC1 0
DC2 0
DC3 0
DC4 0

A1 A2 A3 A4 A5 A6 A7

0 0 0 0 0 0 0
Total cost 630000

Table 3: Matrix of waste problem 

Dumping Site City
Site 

Taif Ashayrah As Sail Al Kabeer Ash Shafa Shoqsan Qia As Sudayrah Vol.,
m3A1 A2 A3 A4 A5 A6 A7

Northeast
dumping site DC1 7 10 6 15 8 11 5 30000

South centre
dumping site DC2 5 7 3 4 10 13 7 40000

Southwest
dumping site DC3 9 14 15 3 2 5 8 30000

Northeast
dumping site DC4 11 15 12 2 6 10 13 25000

Total 22000 18000 15000 11000 18000 20000 21000  

DC1,2,3 etc. – Dumping districts 1,2,3, etc.

Table 4: The optimum solution of the waste site problem

City
Site A1 A2 A3 A4 A5 A6 A7

DC1 9000 0 0 0 0 0 21000
DC2 7000 18000 15000 0 0 0 0
DC3 0 0 0 0 10000 20000 0
DC4 6000 0 0 11000 8000 0 0
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set them up as “regular” linear programming problems 
using LP Software’s (Lingo) in three steps:

• The first step is determining the objective function, 
the constraints and the optimum solutions for the 
waste model as shown in the following tables.

• The second step is choosing the linear program-
ming from the software options available.

• The third step is applying solve from the icon in 
Lingo Software. The optimal solution obtained is 
related to all the objective functions and all the con-
straints equations.

Table 6: The objective function and constraints

Min

ST

End

Table 7: The optimum solution according to Lingo software

Variable Value, m3 Variable Value, m3 Variable Value, m3

X11 9000.000 X31 0.000000 X24
X25
X26
X27

0.000000
0.000000
0.000000
0.000000

X24
X25
X26
X27

0.000000
0.000000
0.000000
0.000000

X12 0.000000 X32 0.000000 X24
X25
X26
X27

0.000000
0.000000
0.000000
0.000000

X24
X25
X26
X27

0.000000
0.000000
0.000000
0.000000

X13 0.000000 X33 0.000000 X24 0.000000 X24 0.000000
X14 0.000000 X34 0.000000 X24

X25

0.000000
0.000000

X24
X25

0.000000
0.000000

X15 0.000000 X35 10000.00 X43 0.000000 X43 0.000000
X16 0.000000 X36 20000.00 X43 0.000000 X43 0.000000
X17 21000.00 X37 0.000000 X43 0.000000 X43 0.000000
X21 7000.000 X41 6000.000 X43 0.000000 X43 0.000000
X22 18000.00 X42 0.000000 X43 0.000000 X43 0.000000
X23 15000.00

5. Results and Discussions

The functions built into the Excel worksheet were 
used, and the outcomes were compared to those from 
Lingo. To operate the latter, expertise is required. Excel, 
on the other hand, is more user-friendly, but both methods 
yield results that are equally accurate. These findings are 
presented and discussed in the section that follows.

Table 3 displays the wastes produced in various cities 
and the locations where they are disposed of. The letter 
A represents the city, while the symbol DC stands for the 
disposal facilities. The values in Table 3 represent the 
distance (in kilometres, for instance) between the waste 
production location and the disposal site. The cost of 
waste transportation per tonne is thought to be constant. 
These values thus represent the expenditure of transport-
ing waste from the city to a disposal site. The last col-
umn of Table 3 shows the total area of dumping space 
that is accessible at each disposal site. The bottom hori-
zontal row of Table 3 indicates the total amount of waste 
produced by each city.

The best disposal location for each city is shown in 
Table 4. The solution demonstrates that some cities 
(such as A2, A3, A4, A6 & A7) have a single unique dump-
ing location, however, some cities may have more than 
one dumping site (e.g. A1, A5). A universal matrix con-
necting all dumping sites and cities led to the solution. 
The cost of waste transportation ultimately determines 
this approach.

The basic restrictions for each city are listed in Table 
5. Such constraints must meet the requirements that all 
wastes generated by a city must be disposed of in one or 
more disposal sites, and the dumping area must be large 
enough to accommodate the generated wastes. All limi-
tations have been met, as shown by the number zero in 
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Table 5, and no waste will be returned. The total cost of 
transported waste material from source to final destina-
tion of dumping site is as mentioned in Table 5.

There is yet another LINGO-based solution in Table 
6. The distance of the disposal location from the city and 
the amount of waste generated by each city was set up 
using a matrix to generate linear equations that showed 
the lowest costs. For instance, the symbols 7X11 symbol-
ize the 7 km between City 1 and Dumping Site 1, the X11 
indicates the amount of waste created in City 1 that 
needs to be transported to Dumping Site 1, and so on.

Table 7 displays the total amount of waste that has 
been disposed of from each city at a particular dumping 
site. For example, X11=9000 m3 specifies the entire vol-
ume of waste generated by City 1 and dumped at Site 1 
is 9000 m3. If X12 = 0, then there isn’t any waste being 
transported from City 1 to Disposal Site 2, and so on.
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6. Conclusions

From this study and results, many conclusions can be 
written as follows:

1.  All results achieved the minimum cost by using 
this application and the optimum solution is the 
best outcome of this study.

2.  The transportation problem is solved and carried 
out the optimum solution as mentioned in the re-
sults, also, the Premium Solver Platform pro-
gramme produced results for sand, gravel, and do-
lomite based on the mathematical models of the 
problem in the Taif Province.

3.  This application can be applied in any location un-
der any conditions,

4.  According to the optimum solution, all materials 
are covered in all district requirements for the 
studied waste materials. This matrix indicates that 
these substances are entirely absorbed within the 
governorate’s boundaries.
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SAŽETAK

Smanjenje troškova transporta otpada u provinciji Taif, Saudijska Arabija

Gospodarenje čvrstim komunalnim otpadom kritično je pitanje u Kraljevini Saudijskoj Arabiji (KSA), posebice u uvjeti-
ma guste naseljenosti u glavnim gradovima i pokrajinama kao što je Taif. Ovaj rad prikazuje studiju slučaja i usredotočen 
je na to kako riješiti probleme gospodarenja i manipulacije materijalima primjenom konvencionalnih metoda i informa-
tičkom tehnologijom. Jedan od najskupljih poslova u komunalnome sektoru jest transport materijala. Gradske uprave 
transport i rukovanje materijalima smatraju potklasom tehnologije linearnoga programiranja, stoga problemi linearnoga 
programiranja uzimaju u obzir da je glavni cilj rukovanje materijalima od središta grada do identificiranoga odlagališta. 
Postoje mnoge metode i alati koji se koriste za rješavanje problema transporta (TP) kako bi se saznao maksimum ili mi-
nimum u smislu smanjenja troškova ili maksimiziranja profita. Te metode primarno su se odnosile na manualna rješenja, 
a druge su se koristile mnogim različitim računalnim aplikacijama. Manualna rješenja uključuju metodu sjeverozapad-
noga kuta (northwest corner method), metodu minimalnoga troška, metodu minimalnoga troška retka, metodu mini-
malnoga troška stupca i Vogelovu metodu aproksimacije te računalne aplikacije kao što su LINGO, Lingo i funkciju Sol-
ver koja je uključena u Microsoft Excel. Ova studija slučaja usredotočuje se na primjenu Microsoft Excel funkcije za 
pronalaženje minimalne cijene sustava transporta otpadnoga materijala kako bi se smanjio trošak transporta od centra 
grada do konačnoga odredišta (odlagalište). Rezultati dobiveni modeliranjem dali su optimalna rješenja koja su na kraju 
rada i provjerena.

Ključne riječi:
manipulacija otpadnim materijalom, problem prijevoza, linearno programiranje (LP), Microsoft Excel Solver; LINGO
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