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Abstract. Local scour at bridge piers will weaken the bed material underneath the pier's foundation, 

causing the entire structure to collapse. The current study focuses on using an embedded sill as a 

countermeasure to reduce the overall scour depth across the bridge pier. The presence of a sill 

embedded in the bed material reduces the scour depth by increasing stream bed resistance. An 

experiment is carried out to determine the effect of the sill location on the scour depth. Three models 

for a rectangular pier with a round nose of the same length (L = 20 cm) and different widths (b = 2,3 

and 4 cm) are checked, and they are fixed in a layer of uniform distribution sand as bed material. 

Experiments are carried out in a horizontal flume with a clear water flow permitted to discharge 

between 0.2 and 0.45 Froude numbers. The study found that the embedded sill has a significant 

impact, particularly when placed near the pier nose, reducing the maximum scour depth by up to 50%. 

Introduction 

Local scour refers to the erosion of the streambed material around bridge piers, which considers a 

major obstacle in water streams. The interference of the pier with the coming flow creates downflow 

and a horseshoe vortex at the pier nose, which can remove the bed material around the pier foundation, 

particularly at its nose. With time, successive scour may undermine the soil below the pier base, 

causing failure of the bridge. Scour depth must be controlled using some countermeasures to be within 

the minimum values to avoid such failure. The local scour problem around bridge piers was 

extensively investigated in different approaches, classified as (i) scour mechanism, (ii) bridge 

supports arrangement. (iii) method of scour depth estimation, and (iv) local scour countermeasures. 

We will only present the recent investigation dealing with the scour countermeasures since the current 

study is interested in a new measure in such a field.  

A large depth of the pier foundation is required to avoid the scour effect, which is a costly proportion. 

So, for safety and economy, scour depth must be controlled using some countermeasures. In recent 

times, efforts had been oriented towards developing methods for reducing scour depth. These methods 

can be grouped as direct and indirect countermeasures. Direct scour countermeasures increase the 

stream bed resistance using riprap, as studied by [1]. In the indirect scour countermeasures, the flow 

pattern around the pier nose is changed and diverts its direction to reduce the downflow and horseshoe 

vortex strength. Active countermeasures had been achieved using (i) sacrificial pile, (ii) collar, (iii) 

slots, and (iv) bed sill. Location of the sacrificial column, with a relative diameter 𝑑𝑐/𝑏 = 1.0, at a 

relative distance 𝑥c/𝑏 = 2.5 upstream the pier nose, results in a reduction up to 70 % in scour depth 

[2]. A wider collar at lower levels causes a scour reduction of about 75 % [3] and 95 % when located 

at bed level -0.1 of the pier diameter [4]. An experimental study showed that using collars around 

multi-vents bridge piers reduces the local scour depth by 65% [5]. The effect of both angle and 

diameter of slots on the scour depth is experimentally studied; thus, the location of slots, at angle β
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= 90, gives a maximum scour depth of about 30 % [6]. At rectangular pier groups, the installation of 

slots reduces the scour depth by about 92% [7]. Experimentally, the scour depth around the circular 

pier becomes negligible when a bed sill is placed just upstream of the pier [8]. 

However, the above countermeasures possess a significant reduction in the maximum scour depth, a 

higher cost, and great care in construction present the main disadvantages of such measures. The 

collar may separate from the pier due to erosion of the pier surface by the flow's interaction. The 

danger of choking the slot space by debris and floating materials is severe and may also reduce the 

strength of the pier structure. Hence, the above countermeasures cannot be considered the best scour 

countermeasures [9]. In the present study, an embedded sill is used to control the scour depth around 

a rectangular bridge pier since it processes at a low cost and more straightforward in construction. 

Statement of The Problem 

The present study is intended to control the local scour depth at the rectangular pier with a round 

nose, using a sill embedded in the bed material. The main target is to establish the best sill location, 

giving the minimum scour depth. Location of the sill upstream the pier nose will create a scour hole 

just upstream of the sill. The eroded sediments from the sill's scour hole will transport by the flow 

and deposit in the scour hole formed at the pier nose, which compensates part of its eroded soil, and 

then reduces its volume. On the other hand, the location of the sill downstream the pier nose will back 

up the flow upstream the sill, which reduces flow velocity and thus reduces the scour depth at the pier 

nose. For this purpose, an experimental study is conducted to declare the effect of sill location on the 

scour depth, as shown in Fig. (1). 

 
  Fig (1) Effect of the embedded sill on the local scour around a rectangular pier.  

Main parameters involved in the current problem 

The parameters affecting the scour depth (𝑑𝑠), maybe expressed as, 

 

𝑑𝑠 = 𝑓1(h, v, ρ, μ, L, b, xs , 𝑑50 , 𝑔 , T  ),                                                                                            (1) 

 

where, (h) and (v) are depth and velocity of flow, (ρ) and (μ) are density and dynamic viscosity of 

water, (L) and (b) are length and thickness of pier, (𝑥𝑠) is the sill location, (𝑑50) is the median diameter 

of sediments grains, (g) is the acceleration gravity, and (T) is the duration time.  

Excluding the parameters; L and T since they kept constant throughout the experiments, and applying 

Buckingham theorem (π – theory), Eq. (1) becomes,  

 
𝑑𝑠

𝑏
= 𝑓2 (

𝑣

√𝑔 ℎ
,
𝜌 𝑣 𝑏

𝜇
,
𝑥𝑠

𝑏
,
𝑑50

𝑏
).                                                                                                          (2)                  
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where, 
𝑣

√𝑔 ℎ
 , and  

𝜌 𝑣 𝑏

𝜇
  present Froude (𝐹𝑛) and pier Reynolds numbers (𝑅𝑛), respectively, then                                                                                  

 
𝑑𝑠

𝑏
= 𝑓3 (𝐹𝑛, 𝑅𝑛,

𝑥𝑠

𝑏
,
𝑏

𝑑50
).                                                                                                                (3) 

 

These are the main parameters that would be tested to declare the resulted effect on the scour depth, 

due to the existence of the embedded sill. 

Experimental study 

The experimental study is conducted in a horizontal flume, fabricated from fiberglass, with 5.7 m 

length, 0.6 m width, and 0.2 m depth, as shown in Fig. (2). Three models of coated wood for the pier 

are tested, having 20 cm length and height, but with different widths b =2.0, 3.0, and 4.0 cm. The sill 

model is a perspex plate 0.6m long, 10cm depth, and 0.6cm thick. The flume is filled with a sand 

layer of 10cm depth and  having 𝑑10= 0.23mm, 𝑑16= 0.3 mm, 𝑑50= 0.4 mm, 𝑑60= 0.45 mm, and 𝑑84= 

0.6 mm. The geometric standard deviation for the grain size distribution, δ =𝑑84/𝑑16=  0.2, and the 

uniformity coefficient 𝐶𝑢=𝑑60/𝑑10=1.96, so the soil is considered uniform distribution. 

 

 
Fig. (2) The experimental set up: (1) Inlet tank (2) Working section (3) Outlet tank (4) Pump (5) 

Triangular weir (6) Gravel (7) Riprap (8) Sand layer (9) Tailgate (10) Water surface (11) Feeding 

pipe (12) Control valve (13) Pier model (14) Embedded sill model (15) Pipe drain. 
 

The experiments were conducted considering two cases, (i) pier models fixed in the sand layer, 

without the embedded sill, and (ii) with the sill's existence. The embedded sill is located at relative 

distances upstream of the pier nose where 𝑥𝑠/b   = -1.0, -  0.5, just at the pier nose where 𝑥𝑠/b  =  0.0, 

and the downstream the pier nose where xs/b = 0.5, and 1.0. For each location, different discharges 

are allowed to pass, with corresponding Froude number 𝐹𝑛= 0.20, 0.25, 0.30, 0.35, 0.40, and 0.45, 

considering a duration time T = 2.0 hours for each discharge. 

Analysis and discussion of results 

The analysis of the obtained results includes the effect of the main parameters, expressed by Eq. (3), 

on the scour depth, considering the two cases, without and with the existence of the embedded sill. 

Calculations showed that, effect Reynolds number (𝑅𝑛 ), on the scour depth, not exceed 2.0 %; 

therefore, it will be excluded. Thus, the following analysis includes only the effect of Froude number 

(𝐹𝑛), relative sill location ( 𝑥𝑠/𝑏),  and the relative width of the pier( 
𝑏

𝑑50
). 

Cases without the embedded sill. The measured values of the scour depth, in such a case, are 

considered reference data to be used as a base of comparison with those obtained due to the existence 

of the sill. Referring to Eq. (3), the relative scour depth (𝑑𝑠𝑜/b) depends on Froude number (𝐹𝑛), in 

addition to the relative pier width (b/𝑑50). The experimental results, graphically presented in Fig. (3), 

in which the scour depth increases as values of   𝐹𝑛 increase, while it decreases with increasing the 
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relative pier width 
𝑏

𝑑50
. Reduction of scour depth due to increasing the pier width is referred to that 

the heading up of flow, at the pier nose, is higher for larger pier widths, and then the lower velocity 

of flow, and lower the effect of both downflow and horseshoe vortex. 
 

 
Fig. (3) Effect of Froude number and the relative width of the pier on scour depth for the case 

without sill. 

Cases with the embedded sill. The embedded sill is located at relative distances  𝑥𝑠/b = -1.0, -0.5, 

0.0, 0.5, and 1.0 with respect to the pier nose as mentioned above. Values of scour depth are affected 

by 𝐹𝑛, 𝑥𝑠/b, and b/𝑑50As shown in Fig. (4). It is seen that location of sill just at the pier nose, where 

𝑥𝑠 / b = 0.0, gives the minimum scour depth, with a scour reduction ranges from 30% ~ 50% 

corresponding of  𝐹𝑛= 0.20 ~ 0.45. Figure (5) shows a comparison between the scour depth resulted 

when the embedded sill is located just at the pier nose and the case without sill. 
 

 
Fig.(4) Effect Fn, xs/b and b/𝑑50 on the relative scour depth (ds/b). 
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Fig (5) Comparison between values of the scour depth for cases without and with sill located at the 

pier nose. 

Formulation of results in general equations 

It’s helpful to formulate the results in empirical equations to predict, in advance, the scour depth at a 

pier nose if an embedded sill is used as a countermeasure. Therefore, the multiple linear regression is 

applied to correlate the scour depth (ds) with the main parameters; 𝐹𝑛, 𝑅𝑛, 𝑥𝑠/b, and b/𝑑50. From the 

above analysis, it is obvious that the location of the sill upstream of the pier is the most effective since 

it produces lower values of scour depth. Therefore, the results obtained for the sill location 

downstream of the pier will be excluded throughout the regression analysis. Thus, two-thirds of the 

data, considering the sill's location upstream of the pier and just at its nose, are randomly chosen to 

develop the required Eqs. (4) and (5). 

Sill location upstream the pier 

 
𝑑𝑠

𝑏
= 0.0499 + 2.4882 (Fn) − 0.1654 (

xs

b
) − 0.003842 (

b

d50
),       𝑅2= 97 %                          (4)                                        

 
Sill location just at the pier nose 

 
𝑑𝑠

𝑏
= 0.1672 + 2.131 (Fn) − 0.004063 (

b

d50
),                                      𝑅2= 98 %.                             (5) 

 
Equations (4) and (5) are checked using the remained one-third of the experimental data. Figure (6) 

shows a comparison between the measured values of (ds/b) with those obtained using Eqs. (4) and 

(5). It is found that an acceptable agreement is found with a maximum deviation of 15 %. 
 

 

Fig. (6) Comparison between the relative scour depth, measured (
𝒅𝒔

𝒃
)𝒎 and calculated (

𝒅𝒔

𝒃
)𝒄. 
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The predicted empirical Eqs. (4) and (5) are valid within the ranges of the experimental data; 0.20 ≤

Fn ≤ 0.45 ,  −1.0 ≤
𝑥𝑠

𝑏
≤ 0.0 , and 50 ≤

b

𝑑50
≤ 100 . The agreement between Eqs. (4) and (5) is 

checked by substituting for 
𝑥𝑠

𝑏
 = 0.0 in Eq. (4). The resulting values of  

𝑑𝑠

𝑏
  are compared to those given 

by Eq. (5) since a  maximum deviation of 10 % is found.  

Conclusions 

The effect of pier width, sill location, and Froude number on the scour depth at the pier nose is 

analyzed within the ranges of 𝐹𝑛=  0.20 to 0.45, and 
𝑏

𝑑50
 =  50 to  100. As a result, the following 

conclusions are obtained: 

 

1- The scour depth is being lower for piers with a large width. 

2- Compared to those obtained downstream of the pier, scour depths are smaller when sill 

positions upstream.   

3- The location of the embedded sill, just at the pier nose, produces the minimum scour depth 

since it reduced by about 50 %.  

4- The scour depth, for sill location upstream the pier, can be predicted using Eq. (4), while Eq. 

(5) is used for the location of sill just at the pier nose.  

5- The highest effective parameter is the sill location, whereas 𝐹𝑛 and 
𝑏

𝑑50
 are of the second and 

third orders, while 𝑅𝑛 has very no influence. 
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Abstract 

The majority of contemporary cities prefer modern urban planning schemes, creating 

inconsistent urban fabric and consequently generating Neglected Urban Open Spaces (NUOS). 

NUOS appear across cities as meaningless, abandoned, and in-developed spaces such as vacant plots, 

industrial sites, deteriorated waterfronts, and infrastructure leftover spaces. In mid of endless 

challenges; climate change, resources’ scarcity, and food insecurity, developing NUOS could 

enhance city resilience and sustainability. The environmental revitalization of NUOS can develop 

urban agriculture models in form of School Farm (SF). SF is an innovative approach to improve food 

accessibility and security. An ultimate objective of this paper is to revitalize NUOS as a new 

environmental urban space by applying the SF approach through providing an inclusive strategy to 

understand and underpin the synergy between various forms of NUOS, the applicability of SF, and 

consequently leads to reimagining sustainability in urban planning. This paper discusses the 

complexity, various factors, and ultimate use of NUOS in urban development. A proposed model of 

NUOS-revitalization provides a dynamic model of SF enhancing the environmental dimension of 

urban development. It connects nonetheless food security and urban planning within the context of 

the modern city in offering a multisectoral-sustainable society of environmental, social, and economic 

development.  
 

1. Introduction  

City planning has been subject to many urban problems as a result of rapid urbanization, 

overpopulation, and economic crisis. One of these problems is the rise of the percentage of Neglected 

Urban Open Spaces (NUOS) within the urban fabric. These spaces have taken different forms in the 

city such as military sites, industrial sites, leftover space, and oversized streets. NUOS could break 

the continuity of the urban fabric, creating meaningless spaces, and vacant unsafe landscapes. which 

threaten citizens’ safety, and increase economical and social, and environmental deterioration of 

neighborhoods. 

 Recently, urban developers have recognized the potentials of NUOS in creating sustainable 

communities in environmental, economic, and sociocultural aspects  [1  ،2]. They have followed the 

functional, social, and environmental dimensions of urban design through the revitalization process. 

From the perspective of environmental revitalization, NUOS can be integrated with the urban fabric 

by the Urban Agriculture (UA) approach [3, 4]. This form of revitalization converts these spaces into 

different forms of green vegetated spaces like Community Gardens (CG) For example, CG are 

constructed in abandoned spaces within low-income neighborhoods to strengthen their access to 

healthy foods [5]. One of these vegetated spaces forms is School Farm (SF), which confronts some 

challenges compared to the other forms of (UA) approach. The challenges are a lack of financial 

resources and adequate infrastructure in schools for greening spaces [6]. 

 

mailto:bnehad.abdelgawad@alexu.edu.eg


 

8 
 

3rd International conference of Chemical, Energy 

and Environmental Engineering 
July 2021 Egypt Japan University of Science and 

Technology, Alexandria, Egypt. 

Hence, the argument of this research is based on the applicability of revitalizing NUOS to create 

new models of SF as new resources of organic food in the urban food system, as well as to meet the 

need of schools.  To achieve this plan, this research is methodically constructed into three main 

sections. Section 1: explains NUOS into the urban fabric, Section 2: examines how NUOS would be 

converted to active urban spaces. Finally, Section 3: presents the environmental revitalization of 

NUOS as SF. To conclude, NUOS could play a fundamental role in delivering sustainable SF 

concepts by developing new models, which act as a catalyst in community resilience. Furthermore, 

the hypothesized model will enrich the community with a healthy interactive environment.  
 

2. NUOS into The Urban Fabric 

The emergence of NUOS is a cumulative process, where it is synchronized with the continuous 

development of a city. In 1986, Roger Trancik explained the rotted causes of NUOS; The automobile, 

modern movement in design, urban renewal policies, and privatization of public space [7, 8]. Other 

causes contribute to NUOS are the lack of attractive activities & amenities within urban spaces [2],  

and the lack of regulations, which define the property rights or ownership [9]. NUOS are thoroughly 

discussed earlier conveying several perceptions and viewpoints [10, 7, 8, 5].  However, within the 

aimed scope, Roger (1986) has defined NUOS as spaces that are undesirable urban areas, which need 

to be redesigned to impact positively on surroundings [7]. These multi contributions have created 

confusion in investigating and classifying NUOS into the urban fabric [11, 12]. Thus, this research 

provides the classification of  NUOS, which includes 3 main compartments: Vacant Land (VL), 

Social Unfamiliar Space (SUS), and Transport Infrastructure Leftover Space (TILS).  

 

NUOS as VL involves numerous types of unutilized lots in the fringes of cities and may involve 

abandoned structures, which may vary between being totally or partially destroyed [5, 13]. As a result 

of development, VL comes in two forms: Permanent Vacant Land  (PVL), and Temporary Vacant 

Land  (TVL) TVL  involves previously developed & undeveloped land  [13, 14]. The previously 

developed land refers to the previous activity industrial, commercial, residential been conducted, 

which is absent currently [15]. This VL comes with an environmental cost of contamination VL as 

brownfields [13], which demands more financial resources for remediation and remove the 

contaminates [12]. Concerning the previously undeveloped land, it refers to VL with random green 

growth without previous activity [11, 13]. This type exists in cities on two levels: city-scale, and 

neighborhood-scale according to scale,  and location [11, 15]. At the city scale, this type includes 

three types remnant parcels, corporate reserve parcels, and VL for speculation [16]. Then, at the 

neighborhood scale, this type involves four types according to their locations to the surrounding 

buildings [12]. They are vacant corner lot, vacant block, suburban yards, and VL system [17]. 

Regarding Temporary Vacant Land (TVL), it refers to dual and single-use spaces at specific times, 

which are converted to VL eventually [14]. It includes two forms; the first relates to the building 

block, and the other relates to the community [8] The first form of TVL involves inactive sidewalks 

that have lost their environmental, and social benefits for users [8, 18]. As for, the second type related 

to the community scale, it involves surfaces of parking lots, which often interrupt the pedestrian 

connection in cities [12, 8]. 

 

As for NUOS as SUS, it discusses the scope of SUS composed of neglected paths, nodes, and 

green spaces, which are all defined as NUOS of the contemporary city [8, 19]. In this sense,  The 

hierarchical structure of  Boulevard St, Main ST, and arterial roads have contributed to NUOS 

formation by the propagation of vacant, and underutilized spaces [8, 16]. Despite, they can represent 

complete streets, which can strengthen the sustainability concept by applying green stormwater 

infrastructure of the streetscape, and buildings [12, 20]. Likewise, neighboring streets and pedestrian 

streets have significantly featured with blank walls, which can be revitalized as green facades to add 

the greening style to the neighborhoods [21].   
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 As for, Nodes are converted to NUOS by strengthening the sense of insecurity due to the 

dominance of random plants [18, 7]. Other forms of nodes have emerged by the development of 

mobility and building regulations such as amorphous square, and traffic square [20] The amorphous 

square is described as an unorganized and formless space with no specific shape [8, 14]. Despite 

urban green spaces are expected to improve the quality of lives cities’ inhabitants, they were 

converted to NUOS with poor management and limited maintenance [22, 2].  

Finally, NUOS as a TILS describes a residual or Leftover space (LS), which are generally 

neglected due to the oddity of shape and location related to Transport Infrastructure (TI)  [2, 12]. The 

location of LS varies between waterfront, and within the residential territories [18]. Furthermore, the 

psychical form of LS could be classified into four categories; at grade, depressed, elevated stacked, 

and elevated side by side [12]. Depressed LS is explained earlier as a remnant parcel-as a form of VL 

[2]. As for, At grade LS  includes vacant sideways,  which are narrow spaces compared to their length  

Then, Elevated LS refers to ambivalent landscapes located adjacent, along, and beneath flyovers of 

highway structures [11, 20].  

 

3. From NUOS to Active Urban Spaces 

With the limitless challenges of the twenty-first century, the Urban Revitalization Strategy (URS) 

had to be envolved simultaneously to include environmental risk management, heritage preservation, 

and maximizing the societal, and environmental returns [23, 4]. URS has succeeded to transform 

NUOS into active urban Spaces to deliver economic, social, environmental, outcomes [24, 25, 18]. 

From the perspective of economic revitalization, NUOS open new business chances by pumping new 

activities like local markets, and investment farms [12, 20]. Similarly, social revitalization develops 

NUOS as attractive public spaces by the innovative design of activities, and landscape [2, 12]. 

  

4. The Environmental Revitalization of NUOS as SF  

Environmental  revitalization is a cleanup strategy that offers a solution to improve the condition 

of neglected spaces [12, 26]. Hence, NUOS can be new sources of urban green lungs to provide the 

communities with healthy environments, and a comfortable climate [18].  These lungs would be 

productive green space by the UA approach as School Farm (SF) [21, 3]. SF is a significant green 

strategy that can develop the urban food system of communities with new sources of growing food 

[21, 27]. Furthermore, SF can provide the communities with a wide range of ecosystem services such 

as solve soil loss, create wildlife habitats, besides improving air and water quality [12, 20].  
 

SF can serve as either Farm-To-School and/ or School Gardens to connect children with local 

farming [28, 29]. Farm-to-School is a program that aims at increasing the integration of fresh food 

from local, and regional farms into school meals [28]; including other activities of harvest festivals, 

field trips, and educational visits from the farmers [21, 3]. As for School Garden (SG), it refers to a 

wide range of farm activities according to the scale, and category of schools [6]. These gardens 

involve chicken coops and beehives besides green gardens and aquaculture facilities [21]. The form 

of SG varies  from windowsill boxes, few containers in a side alley, to a full garden in unused space 

[12, 20]. SG aims at enhancing “learning by doing” to explore the entire food ecosystem [29, 27]. 

Thereafter, students capture the real-life experience of the farming industry [28]. 

 

More importantly, SF can achieve social, economic, environmental, and health outcomes [29, 15]. 

On the social scale, SF is a new social movement that brings various participants together; farmers, 

farmworkers, community residents, or students, parents, teachers, and school food staff [28, 3].  It 

builds a strong sense of place and ownership towards the community as well as a sense of 

responsibility to preserve the agricultural heritage [30]. Speaking of the economic benefits, SF can 

strengthen the local, and regional food economies; particularly the Farm to School program by 

promoting their nutritious food to schools [17, 28]. Therefore, farmers get rid of the pressures of real 

estate developers to sell their land for development projects [6, 27]. On the educational aspect, SF is 
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served as a real-life laboratory, where students gain the hands-on experience of cultivation [21]. In 

this sense, SF generates a student, who values agriculture as an essential part of a learning culture by 

engaging youth in growing, harvesting, and cooking food [28, 29]. Regarding the health benefits, SF 

is a chance to decrease the exposure to different diseases like diabetes, and obesity [21, 3]. Besides, 

SF enhances food safety by growing food based on organic fertilizer, and fewer pesticides [21, 27]. 

 

 To clearly understand the environmental revitalization of NUOS as SF, the following Table 1 

illustrates that by linking the following; 

1. The classifications of NUOS: To includes NUOS as Vl, SUS, and TILS. 

2. The two sectors of SF; Farm to School, and School Garden: investigate the different typologies of 

activities, which vary between growing, and holding festivals as mentioned before. 

3. The scale of SF: To provide a lot of related to the built environment, and urban spaces; involving 

micro-scale (backyard, balcony, courtyards, wall’s structure, patio pots, street verges, and green roof 

of buildings), mesoscale (urban farms, and farmscrapers), and macro-scale (urban food forest, and 

nurseries’) [31].  

4. The impacts associated with SF achieve a lot of benefits including; Sustainable food production, 

Education of students, Local food economies, Social commitment, and Urban requalification [21, 3, 

21]. 
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Continued  

 
Table  1 how the revitalization of NUOS can provide different forms of  SF(The authors-2021) 

 

5. Conclusion  

Within the research, the environmental revitalization of NUOS presents in providing the 

communities with SF to enrich them with the new possibility of a sustainable food system. This 

approach aims to facilitate the production, accessibility, and sustainability of local food by 

empowering communities to tackle inequalities and limited urban capacities. It aims to curb poverty 

and improve food security by maximizing the utility of NUOS to produce a sustainable food system, 

and preserving farmland, nonetheless, to achieve economic and sociocultural gains.  

 

The research has presented both NUOS and SF thoroughly by discussing their forms, and potentials 

in the communities. Regarding the synergy between SF and NUOS, SF can convert the unpleasant 

image of NUOS; vacant land, social unfamiliar space, and transport infrastructure leftover spaces, to 

a sustainable and productive space. Besides, SF can decrease the negative environmental impacts of 

NUOS on the community such as the impacts of contamination.  Therefore, the proposed approach 

combines the elements of SF, classifications of NUOS, and forms of new gardens related to the scale 

of urban agriculture with various forms of agricultural products according to the scale of SF; green 

roofs, sidewalks, and grand urban forest. Thus, SF is an innovative strategy that achieves a wide range 

of environmental, educational, social, economic, and health benefits for the communities and 

individuals.zz 
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Abstract 

Rapid urbanization and population growth have emphasized the exaggerated  consumption of 

artificial light causing higher levels of carbon footprints and Light Pollution (LP), and consequently 

fueling up the global warming. LP is the excessive brightening of the night sky by artificial lighting 

for illuminating roadways, landmark buildings,  and public spaces. It aims at enhancing the sense of 

security and enhanced visibility at night. However, LP can have far-reaching negative consequences 

for the human organism and the ecosystem in urban areas. Despite the debatable underuse of 

Concrete-Nano-Based Material, the application of Light-Emitting Concrete (LEC) enables light to be 

transmitted through opaque concrete, accordingly reduces building energy consumptions and 

ultimately solving that dilemma. Yet, still, urban designers and architects neglect the aesthetic value 

and the light transmittance properties of LMC. Hence, this paper aspires to remodel the city's urban 

nightscape by shedding the light on  the applicability of LMC as a Concrete-Nano-Based Materials 

approach to reinforce pollution control in the city. The paper investigates that the overuse of energy-

efficient bulbs usually overshadows the LP problem. By focusing on the scalability and useability of 

LMC, this material can be applied to the following sections; sustainable environment for construction 

and decoration, lighting infrastructure of roads and highways, plus the use in public open spaces; 

including streets, squares, and waterfronts. Hence, this research capitalizes on the synergy between 

LP and LMC in delivering more sustainable cities, and less light-polluted environments.  

 

1. Introduction  

Light is one of the fundamental infrastructures, which is substantially associated with 

urbanization growth. It plays an important role in enhancing the uniqueness of the architecture, and 

urban life in the cities. Therefore, electric lights have drastically reordered nightscapes across the city 

to be significantly brighter and more illuminated at night. Unfortunately, the nightscapes have caused 

Light pollution (LP) as a result of the excessive  use of outdoor illumination. LP has a wide range of 

negative impacts on the urban environment including; human health, wildlife behavior, astronomy 

sciences, and climate change, and energy consumption. In other words, lighting the concrete buildings 

and roads requires more electricity consumption, which leads to increasing the emissions of carbon 

dioxide. Likewise, LP can disturb and exhaust the wild creatures by dazzling their eyes and shattering 

the circadian clocks. Despite, all these negative impacts, LP remains largely overlooked and 

unregulated compared to other pollution forms.  Therefore, there is a strong need for an innovative 

model Lighting for LP control, besides the preceding contribution of LED lighting, and The Cut-Off 

Light.  

In other respect, materials science, and the construction process are in continuous acceleration 

towards generating new innovative building materials. To end with creating a sustainable community. 

For this reason, a lot of materials are produced based on nanotechnology to be termed as nano-based 

material. Recently, a lot of architects have used this material in many architectural applications 

including; interior design, and façade forming. This technology could modify the chemical and 

mailto:bnehad.abdelgawad@alexu.edu.eg
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physical behavior of materials to be more adaptable for the changes of the surrounding environmental 

conditions. In this sense, they are featured with high-performance efficiency and low negative impacts 

on humans and the environment.  

 

From the environmental perspective of the city, and the vitality of Nano-Based materials 

towards decreasing the percentage of LP, this paper aims to remodel the nightscape of the city based 

on applying light-emitting concrete (LEC) as a type of cement nano-based material to cope with 

pollution control and energy shortages. To achieve this aim, the paper follows the reviewing method 

to cover the sides of LP and the new LEC material.  Hence, it is theoretically structured as follows; 

Section (1) gives an overall overview of the nightscape of the city, Section (2): discusses LP in the 

city. Then Section 3 investigates both nano-based materials especially LEC. Finally, Section 4: 

purposes a conceptual framework of LEC as an innovative, and complementary approach with other 

approaches to overcome the LP problem. To conclude that LEC can be applied in different sectors of 

architectural design, and urban design; especially the landscape of open spaces. Hence, the integration 

between LEC application and the traditional method can create sustainable and less polluted spaces. 

 

2. Nightscapes and Light Pollution 

A nightscape is a lighting-based approach for re-introducing the image of the city at night This 

approach is based on the concept of “City As A Scene” by converting the cityscapes into living scape 

with multi-sensories [1]. A nightscape approach simulates  the perceptual, and visual aspects  of the 

city [2] by reflecting various sides of the urban environment such as identity, ancientness, modernity, 

size, safety, and density, as well as the architectural designs [3, 4]. By investigating the illumination 

design in the urban environment, consists of thousands of artificial light sources, hence, the 

nightscape of the city  is classified into 4 types [5, 6]. First, Architecture Nightscape involves lighting 

the building façade, and interior spaces [1]. Second, Urban Public Spaces Nightscape: involves 

lighting a wide range of public open spaces such as squares, gardens, streets, and parks; including the 

main elements of the landscape to provide a safe, and walkable environment [7, 6]. Third, 

Infrastructures Nightscape: aims to keep specific facilities works well during the night such as towers, 

bridges, tunnels, chimneys, and city gates [3]. Finally Marketing Nightscape: is a tool to send 

attractive messages to the public by the lightened boards of business advertisements [8]. 
 

LP is defined as the human-made environmental pollution caused by the excess use of artificial 

lighting [9]. In this sense, LP is wasted light, which scatters across the atmosphere leading to 

brightening the night sky [7, 2]. According to the International Commission on Illumination (CIE), 

LP results from two root causes; the focus of infrastructure planning within urban development plans 

[10]. Therefore, the downtown is the most light-polluted zone because of the presence of commercial 

activities, institutional buildings, and traffic jams [4, 2]. The other cause is the lack of social 

awareness among the population  how the unconstrained use of electricity boosts the percentages of 

LP in the city [11].   
 

LP involves three main forms; Urban Sky Glow, Light Trespass, and, Glare [12, 13]. Skyglow is 

a combination of reflected and refracted light, created by the over-illumination of the floodlights 

outside the buildings [9].  Therefore, it weakens the visibility of astronomical objects in the night sky 

based on light's reflection [5].  Then, Light Trespass is uncontrolled light that spills onto private 

property; resulting in substantial health problems for inhabitants [4]. Finally, Light Glare results from 

the excessive contrast between bright and dark areas in one’s field of personal view [5]. It results in 

scattering in the eye [13]. Regarding the scope of sustainability, LP, unfortunately, creates serious 

physiological consequences for humans, and ecological impacts on animal and plant populations. 

That may end with reshaping the entire ecosystem [14, 5]. Accordingly, discussing the effects of LP 

concentrates on three aspects: Waste of energy and money, and wildlife & Human health issues [10, 

11].  
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Nearly all living organisms, including human beings, have evolved under a natural rhythm of day 

and night. For example, about 30% of all vertebrates and more than 60% of all invertebrates 

worldwide are nocturnal [11, 15]. In the case that the night becomes brighter, and the light extends 

farther into rural areas, wild animal, and marine ecosystems cannot differentiate  between day and 

night [5]. Hence, this creates the disturbance of the natural day, and night cycle, and physiology, 

including hormonal balance, as well as organism fitness, food web interactions, and biotope 

connectivity [5, 13]. Furthermore, LP leads to changing changes in animal behaviors, such as 

migration patterns, and competitive interactions [16, 17]. For example, sea turtles and birds get 

confused, lose their way, and often die because they cannot be guided by the moonlight during their 

migration [18, 17].  

 

As for the human health issue, exposure to light can change the 24-h circadian rhythms. For 

example, the secretion of the hormone melatonin is a biochemical signal, which is secreted during 

the hours of darkness into the blood by the pineal gland in the brain [11, 15]. That causes sleep 

deprivation, fatigue, headaches, stress, and anxiety y [11]. Also, there are many biological effects 

connected with this hormone as the activation of melatonin receptors [5]. These receptors are acting 

as a powerful antioxidant, scavenging free radicals and thereby helping to prevent cancer cell damage 

and proliferation [11, 15]. Furthermore, these receptors organize the efficiency of the immune 

systems and protect the nuclear and mitochondrial DNA [4, 16].  
 

Concerning the last aspect of waste of energy and money, energy specialists consider the 

overconsumption of electricity releases millions of tons of carbon dioxide into the atmosphere. This 

gas increases the climate change progress. This extreme consumption represents a costly drain for the 

city by the enormous use of coal [10]. For example, The International Dark-Sky Association reported 

that the American production of electricity approximately requires 30 million barrels of oil and 8.2 

million tons of coal. That costs the country in the region $2 billion a year. Hence, it must cut down 

on the energy that we use, and waste, before searching for alternative energy sources [16, 15]. 

 

3. Nano Based Material and Light Pollution: Light Cement Approach  

Notably, Nanotechnology is one of the most significant practical approaches that has 

enhanced the development of building materials for architectural and urban design [19, 20]. This 

approach works on transforming the chemical and physical features of materials to improve the 

efficiency of their performance to be more responsive and adaptable to external and internal 

environmental conditions (i.e.,  light, temperature, etc.) [21]. To end with providing Smart Nano-

Materials with low negative impacts on the human and the environment [22], such as concrete. Smart 

nano-based concrete can achieve a lot of goals in architectural and urban design in terms of structural, 

economic, aesthetic, environmental, and functional sides [23, 24]. 

 

 Because the key objective of this research focuses on the environmental side to increase LP 

control, Light-Emitting Concrete (LEC) is selected in between the various forms of Smart Nano-

Based Concrete [20, 23]. LEC is a type of smart and multifunctional concrete that possesses the ability 

to trap solar energy in the daytime to re-emitting it as visible light in the dark [25, 26]. This material 

contributes to energy conservation and the creation of a low-carbon environment [21, 20]. 

Furthermore, LEC enhances the aesthetical aspects of the urban environment [25]. 

 

More importantly, this paper discusses LEC as a good chance to enhancing LP control, 

therefore, it doesn’t discuss the chemical features of LEC quantitatively. LEC has two forms 

according to the method of applying Nano Technology through the production process [27], as shown 

in Fig.1. The first form is Light Transmitting Concrete (LTC), which is produced by incorporating 

optical fibers into conventional concrete. The function of these fibers is to transmit and pass sunlight 



 

16 
 

3rd International conference of Chemical, Energy 

and Environmental Engineering 
July 2021 Egypt Japan University of Science and 

Technology, Alexandria, Egypt. 

through the concrete [21].  The other form is 

Self-Luminous Concrete, which is created by 

mixing luminous materials as phosphor 

powers with the conventional concrete [20, 

22, 27].  

 

 

 

 

 

 

4. Conceptual Proposal to Integrate Light Cement Approach Within The Nightscape 

Despite, there are other 

technological innovations, 

which could contribute to 

increasing energy control, and 

reduce percentages of LP, 

such as luminaries with high-

pressure sodium, LED 

lighting, and the motion 

sensor, as well as changing the 

design of light fixtures “The 

Cut-Off Light” [28, 12]. 

However, LP stills a critical 

environmental problem. That 

suppose obligation for 

architects, and urban designers 

to search for new alternatives 

depended mainly on sunlight. 

Hence, LEC can be a catalyst 

in remodeling the nightscape 

of the city.  

 

As illustrated in Fig. 2, LEC 

can contribute to decreasing 

the percentage of LP with the 

other used approaches within 

the three classifications of 

nightscape as mentioned 

before. The objective of LEC 

represents in converting the elements of each nightscape into batteries that store solar light during 

daylight hours and discharge at night. Hence, this application of LEC as a non-biased material 

approach depends on the determination of the type of LEC  including; Light Transmitting Concrete 

and Self-Luminous Concrete that will be added to the selected elements of the nightscape. For 

example, Self-Luminous Concrete can remodel all elements of Open space Nightscape and 

Infrastructural Nightscape. Also, it can remodel cladding elements of Architecture Nightscape such 

as facades. Therefore, lighting design should be integrated with the architectural design process.  

 

Fig1 two methods of producing LEC (The 

authors-2021) 
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5. Conclusion  

This research reviews the problem of Light Pollution in the nightscape of the city, and how it 

can cause harm to human health, and disrupt the ecological and socio-economic aspects of the cities. 

Consequently, managing darkness should be an integral part of planning the urban areas in the city. 

Hence, this paper sheds light on the significance of nano-based materials; especially Light Emitting 

concrete as a safe and sustainable approach for the nightscape of the city to manage light pollution. 

by reviewing this material, its application can reinforce the concept of sustainability in architecture, 

and urban design by reducing energy consumption, and enhance pollution control. Therefore, the two 

types of Light Emitting concrete can remodel the three classifications of nightscapes related to 

architecture, infrastructure spaces, open public urban open spaces, and marketing services. Thus, this 

applicability of the Light Emitting concrete approach can integrate with other approaches in 

overcoming the Light Pollution problem. To end with providing less polluted, and sustainable 

environment. Hence, future researches should embrace  the quantitative methodology to analyze Light 

Emitting concrete based on tests, and programs.  
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Abstract. Global warming is a major life-threatening problem in many countries worldwide. 

Extensive carbon dioxide emissions associated with various separate generation systems for different 

human needs such as electricity, cooling are of the main contributors to the problem. One major 

solution is to utilize integrated multigeneration system to increase efficiency and reduce emissions. 

Additionally, driving these systems with renewable energy sources such as solar and wind energy 

represents ultimate solution to substantially reduce the associated carbon emissions. In this paper, 

theoretical performance investigation of a cogeneration system intended to provide cooling and 

electricity for a building in Alexandria, Egypt is performed. The system comprises commercially-

available solar collectors for electricity generation and solar thermal energy capture,  silica gel/water 

pair-based adsorption chiller for cooling production, and organic Rankine cycle (ORC) employing 

R134a as a refrigerant and driven by hot water exiting adsorption bed during desorption process. A 

novel hybrid solar collector configuration, composed of photovoltaic/thermal (PVT) collectors and 

flat plate thermal (FPT) collectors linked together in a parallel configuration, is used for this study. 

The generated electricity by PVT collectors and ORC is used for building needs or supplied to the 

grid. MATLAB software is used to simulate the developed mathematical model of the system under 

the climate conditions of Alexandria during summer months. The results of the current investigation 

show that the best cooling performance is during July with maximum and average cooling capacity 

of about 9 and 6.45 kW, respectively. ORC generates about 7.09 kWh/day during summer months 

and it has an efficiency of about 5.6%. PVT collectors generates about 44.56 kWh/day electric energy 

during the month of July.  

Introduction 

Global warming is a major life-threatening problem in many countries worldwide. The increasing 

massive quantities of carbon dioxide emissions and other high global warming potential (GWP) gases 

is engraving the problem. Conventional separate production systems that provide the human needs of 

electricity and cooling are considered one of the top contributors of harmful emissions. One solution 

that started to gain attention in the last two decades are using cogeneration and multigeneration 

system, which help increase overall system efficiency and reduce associated emissions. Furthermore, 

driving these integrated system with renewable energy resources such as solar energy represent a 

major solution to emissions problem [1,2]. Egypt has a great potential in utilizing solar energy as it 

is considered one of the sunbelt countries with abundant solar radiation and long sunny hours for 

most of the year.  

Photovoltaic/thermal (PVT) solar collectors are hybrid type that is developed to generate electricity 

similar to conventional photovoltaic (PV) collectors, and capture solar thermal energy but at lower 

efficiency compared to conventional thermal collectors such as flat plate thermal collectors (FPT) 
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and evacuated tube collectors. However, PVT usually has better overall efficiency compared to 

conventional collectors. That is why researchers studied PVT collectors in order to increase their 

performance and efficiency in electricity and heat production [3].  

Thermally-driven chillers such as adsorption chillers have the advantages of using natural refrigerants 

with no negative effect on the environment such as water, and can be driven by solar energy or waste 

heat. Additionally, adsorption chillers can be driven with a temperature as low as 50℃, have long 

lifetime, require minimal maintenance because they have almost no moving parts, and do not 

encounter crystallization or corrosion problems compared to other thermally-driven chillers such as 

absorption chiller [1,4]. However, the main drawbacks of these systems are their relatively low COP 

and bulkiness due to the limitation of sorption capacity of adsorbent material and the low heat transfer 

rate inside adsorber/desorber reactors. Many researchers investigated theoretically and 

experimentally how to improve the performance of adsorption chillers and reduce its footprint []. 

Additionally, Researchers studied extensively many adsorbent/adsorbate pairs to be employed in 

adsorption chillers to enhance its performance [5]. 

Organic Rankine cycle are similar to conventional Rankine cycle that is used in steam power plant. 

However, the working fluid used is organic fluid such as R134a, R290, butane and R245a etc. Thus, 

it can be driven by low-grade temperature source unlike steam cycle that is driven by high temperature 

sources only. Consequently, ORC is used to generate electricity from waste heat or solar energy, and 

many researchers employ them into multigeneration systems [6].  

In this paper, theoretical performance investigation of a cogeneration system intended to provide 

cooling and electricity for a building in Alexandria, Egypt (31.2°N, 31.23°E) is performed during 

summer months. The system comprises a novel solar collector configuration composed of 

commercially-available solar collectors for electricity generation and solar thermal energy capture,  

silica gel/water pair-based adsorption chiller for cooling production, and organic Rankine cycle 

(ORC) employing R134a as a refrigerant. The adsorption chiller is driven by hot water in the storage 

tank, and the hot water exiting adsorption bed during desorption process is driving the ORC 

evaporator. A novel hybrid solar collector configuration, composed of photovoltaic/thermal (PVT) 

collectors and flat plate thermal collectors (FPT) linked together in a parallel configuration, is used 

for this study. The generated electricity by PVT collectors and ORC is used for building needs or 

supplied to the grid. 

 

System description 

Schematic of the proposed cogeneration system is illustrated in Fig. 1. 

 

 
Figure 3: Schematic of the proposed cogeneration system 
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The novel solar collector configuration comprises two groups of commercial collectors available on 

the market. The first one is the PVT collectors made by FOTOTHERM company in Italy, while the 

other group is flat plate thermal solar collectors FPT made by Apricus Company in USA. The two 

commercial collectors used in the investigation are tested and certified by many certification agencies 

in Europe and North America such as Solar Keymark and Solar Rating & Certification Corporation 

(SRCC). The specifications of both collectors used in the investigation are illustrated in Table 1.  
 

Table 1. Specifications of the solar collectors used in the study [7,8]. 

Criteria  PVT collector FPT collector 

Model  FT300AL FPC-A32 

Manufacturer FOTOTHERM, Italy Apricus, USA 

Number of collectors used 20 20 

Aperture area (𝐴𝑠𝑐) 1.58 m2 2.8 m2 

Optical efficiency (𝜂0)
 58.3% 75.5% 

Heat loss Coefficient (𝑎1) 6.08 Wm-2k-1 3.738 Wm-2k-1 

Heat loss Coefficient (𝑎2) 0.0 Wm-2k-2 0.007 Wm-2k-2 

Nominal electrical efficiency (𝜂𝑛)  18.3% --- 

Power temperature Coefficient (β) -0.4% --- 

 

The adsorption chiller used in the current investigation for cooling production is a single effect, 

double-bed chiller, which employs  silica gel/water as the working pair. The specifications of the 

utilized adsorption chiller and silica gel/water pair used can be found in El-Sharkawy et. al [9].  

The hot water storage tank is a 1.25 m3 capacity made by a German company named Solarfocus. The 

tank employs a hard polyurethane thermal insulation to reduce the thermal losses to the environment.  

The ORC unit that employs R134a as a refrigerant is used to generate more electricity from the 

captured solar thermal energy and increase overall system efficiency. ORC evaporator is driven by 

the hot water exiting the adsorption beds during desorption process. Turbine and pump efficiencies 

are assumed to be 85%. The refrigerant pump inlet condition is assumed to be saturated liquid, while 

at the evaporator exit is saturated vapor. Furthermore, refrigerant flow through the evaporator and 

condenser is assumed isobaric. The operating parameters of the ORC are shown in Table 2.  

Table 2. Operating parameters of the ORC used in the present study. 

Criteria  Value 

Evaporator pressure 17 bar 

Condenser pressure 9 bar 

Minimum operational hot water Temperature (Thw,min) 66℃ 

Refrigerant mass flow rate (𝑚̇𝑅) 0.16 kg/s 

Turbine efficiency (𝜂𝑂𝑅𝐶,𝑇𝑢𝑟) 85% 

Pump efficiency (𝜂𝑂𝑅𝐶,𝑝𝑢𝑚𝑝) 85% 

ORC evaporator efficiency (𝜂𝑂𝑅𝐶,𝑒𝑣𝑎𝑝) 95% 

 

Mathematical Model 

Energy balance method is used to model thermal performance of both PVT and FPT solar collectors. 

The PVT collector can be modeled as a conventional solar thermal collector with its absorber covered 

by the PV layer. The following assumptions are made for the PVT collectors to provide sufficiently 

accurate description of the thermal efficiency of the PVT collectors and simplify the model [10]: I) 

The absorber surface and the PV layer are at thermal equilibrium, II) one-dimensional heat transfer.  
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The thermal efficiency 𝜂th,sc of the FPT and PVT solar collectors can be calculated based on the 

incident solar radiation (Gt),  ambient temperature (Tamb) and the average solar collector heat transfer 

fluid temperature (𝑇̅ℎ𝑤), which here is water, as in Eq. 1. 

𝜂𝑡ℎ = 𝜂0 − 𝑎1 (
𝑇̅ℎ𝑤−𝑇𝑎𝑚𝑏

𝐺𝑡
) − 𝑎2 (

(𝑇̅ℎ𝑤−𝑇𝑎𝑚𝑏)
2

𝐺𝑡
)         (1) 

Electrical efficiency of the PVT collectors is calculated by Eq. 2 to estimate their electric performance 

as follows:  

𝜂𝑒𝑙𝑒𝑐 =
𝑃𝑒𝑙𝑒𝑐

𝐺𝑡 .  𝐴𝑠𝑐
              (2) 

where 𝑃𝑒𝑙𝑒𝑐 is the generated electrical power by the PVT collectors. It is worth noting that the PVT 

collectors manufacturers provide the values of  𝜂𝑒𝑙𝑒𝑐  at the standard testing conditions (STC), in 

which the Gt is 1000 W/m2 and a reference PV cell temperature Tref is 25℃. However, these 

conditions are changing continuously throughout any operational day. Therefore, Eq. 3 is used to get 

the value of 𝜂𝑒𝑙𝑒𝑐 at different Gt  and PV cell temperature Tsc. 

𝜂𝑒𝑙𝑒𝑐 = 𝜂𝑛 + 𝛽(𝑇𝑠𝑐 − 25℃)            (3) 

The energy balance equations of the solar collectors and the hot water storage tank are taken as 

presented by El-Sharkawy et. al [9] and are used to estimate the temperatures of the solar collector 

and hot water in the storage tank. 

All the equations regarding the simulation of the dynamic performance of the silica gel/water pair 

adsorption equilibrium and kinetics in addition to constants required can be found in []. Additionally, 

all the energy balance equations of the evaporator, condenser and the two adsorption beds of the 

adsorption chiller are also taken as in [9]. 

Adsorption chiller performance parameters such as the average cyclic cooling capacity (𝑄̇𝑐) and 

coefficient of performance (𝐶𝑂𝑃𝑐) are calculated by Eqs. 4 and 5. 

𝑄̇𝑐 = 
∫ (𝑚̇ 𝐶𝑝 (𝑇𝑖𝑛−𝑇𝑜𝑢𝑡) 𝑑𝑡)𝑐ℎ𝑖𝑙𝑙

𝑡𝑓,𝑐

𝑡0,𝑐

∫ 𝑑𝑡
𝑡𝑓,𝑐
𝑡0,𝑐

            (4) 

𝐶𝑂𝑃𝑐 = 
∫ (𝑚̇ 𝐶𝑝 (𝑇𝑖𝑛−𝑇𝑜𝑢𝑡) 𝑑𝑡)𝑐ℎ𝑖𝑙𝑙

𝑡𝑓,𝑐

𝑡0,𝑐

∫ (𝑚̇ 𝐶𝑝 (𝑇𝑖𝑛−𝑇𝑜𝑢𝑡) 𝑑𝑡)ℎ𝑤

𝑡𝑓,𝑐
𝑡0,𝑐

           (5) 

Where 𝑡0, 𝑐 and 𝑡𝑓,𝑐 is cycle starting and finishing times, respectively. 

CoolProp open source library is used to define the thermal properties of R134a refrigerant in 

MATLAB software. Energy balance of the ORC evaporator is used to estimate the hot water exit 

temperature as in Eq. 6. The net power generated by the ORC and its efficiency is calculated by Eqs. 

7 and 8. 

 

𝑄̇𝑖𝑛,𝑂𝑅𝐶 = 𝑚̇𝑅134𝑎∆ℎ𝑂𝑅𝐶,𝐸𝑣𝑎𝑝 = 𝑚̇ℎ𝑤𝐶𝑝(𝑇ℎ𝑤,𝑖𝑛 − 𝑇ℎ𝑤,𝑜𝑢𝑡)𝜂𝑂𝑅𝐶,𝑒𝑣𝑎𝑝                  (6) 

𝑊̇𝑛𝑒𝑡,𝑂𝑅𝐶 = 𝑊̇𝑇𝑢𝑟,𝑂𝑅𝐶 − 𝑊̇𝑝𝑢𝑚𝑝,𝑂𝑅𝐶            (7) 

𝜂𝑂𝑅𝐶 =
𝑊̇𝑛𝑒𝑡,𝑂𝑅𝐶

𝑄̇𝑖𝑛,𝑂𝑅𝐶
              (8) 
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Results 

Climate conditions 

The climate conditions at building location in Alexandria (31.2°N, 31.23°E) during the summer 

months for solar collector tilted by 30° are estimated using Meteonorm software. Figure 2 shows the 

total solar radiation and the ambient temperature for the three months of summer for Alexandria. 

  
(a) (b) 

Figure 2. (a) Solar radiation during summer months, (b) Ambient temperature during summer months 

ORC performance 

ORC has been adjusted to start operation when the hot water temperature reaches 66℃ with respect 

to the chosen evaporator pressure. ORC generates a net power 𝑊̇𝑛𝑒𝑡,𝑂𝑅𝐶 of about 1.58 kW between 

11:00 AM to about 15:15 PM, at which the temperature of the hot water in the tank becomes lower 

than 66℃. Additionally, the ORC has an efficiency of about 5.6 % which is expectedly low due to 

lower driving temperature. Figs. 4a and 4b illustrates the generated power by ORC in a typical day in 

July, and the generated electric energy during summer months, respectively. 

 

PVT electric performance 

Figure 4a illustrates the electric power generated by PVT collectors, ORC and the total electric power 

in the month of July, while Fig. 4b shows the electric energy generated in a typical day during the 

three months of summer. 

 

  
(a) (b) 

Figure 4. (a) Generated electric power during a typical day in July, (b) Generated electric energy in a 
typical day during summer months 

The month of July has the highest PVT and total electric power production of 44.56 and 51.66 

kWh/day, respectively as shown in Fig. 4b. This is because it has almost the same solar radiation as 

the month of August while having less ambient temperature which help reducing the temperature of 

the PV modules in the PVT collectors and thus increasing the electric power generation. 
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Adsorption chiller performance 

Figure 3a shows the 𝑄̇𝑐 and COPc in a typical day during the month of July, while Fig. 3b illustrates 

the maximum and average values of the 𝑄̇𝑐 during the three months of summer, and Fig. 3c show the 

maximum and average values of the COPc during summer months. 

   
(a) (b) (c) 

Figure 3. (a) 𝑄̇𝑐 and COPc in a typical day during the month of July, (b) Maximum and Average Q̇c during 

summer months, (c) Maximum and Average COPc during summer months. 

As shown in Fig. 3a, the cooling production starts at about 9:00 AM when the temperature in the hot 

water storage tank become high enough to drive the silica gel beds at about 52℃. Then, the cooling 

capacity starts to increase gradually as the temperature of the hot water increases in the tank, until it 

reaches its maximum value of 9 kW at about 11:00 PM, before it start to decrease due to the starting 

of the operation of the ORC at this time. Otherwise, it is expected that cooling continues increasing 

for the case of no ORC included in the system. COPc takes the same trend as the 𝑄̇𝑐 and reaches a 

maximum value of about 0.432. The month of July has almost the highest average 𝑄̇𝑐 and COPc of 

about 6.45 kW and 0.369, respectively. However, August also has a very close cooling performance 

because both months have almost same climate conditions. 

References 

[1] A.A. Hassan, A.E. Elwardany, S. Ookawara, M. Ahmed, I.I. El-Sharkawy: Int. J. Refrig. 116 

(2020), p. 129–145. 

[2] S. Murugan, B. Horák: Renew. Sustain. Energy Rev. 60 (2016), p. 1032–1051. 

[3] S.S. Joshi, A.S. Dhoble: Renew. Sustain. Energy Rev. 92 (2018), p. 848–882. 

[4] B.B. Saha, I.I. El-Sharkawy, in: Heat Pipes Solid Sorption Transform. Fundam. Pract. Appl., 

CRC Press, (2013), p. 29. 

[5] M.M. Younes, I.I. El-Sharkawy, A.E. Kabeel, B.B. Saha: Appl. Therm. Eng. 114 (2017), p. 

394–414. 

[6] J.S. Pereira, J.B. Ribeiro, R. Mendes, G.C. Vaz, J.C. André: Renew. Sustain. Energy Rev. 92 

(2018), p. 728–743. 

[7] Information on http://www.apricus.com/upload/userfiles/downloads/Apricus_FPC-

A32_Tech_Info.pdf. 

[8] Information on http://www.fototherm.com/en/our-products/al-series/  

[9] I.I. El-Sharkawy, H. AbdelMeguid, B.B. Saha: Appl. Energy 126 (2014), p. 235–245. 

[10] A. Buonomano, F. Calise, A. Palombo: Renew. Sustain. Energy Rev. 82 (2018), p. 1874–1908. 

 



 

25 
 

3rd International conference of Chemical, Energy 

and Environmental Engineering 
July 2021 Egypt Japan University of Science and 

Technology, Alexandria, Egypt. 

Towards Adapted Heritage Buildings to Sea Level Rise in Egypt: The Citadel 
of Qaitbay as a Case Study  

Sherein El-Shahat 1, a and Nehad A. Gawad 2,b  
1,2 Nile Higher Institute for Engineering and Technology, Mansoura, Egypt. 

a sherein.shahat@yahoo.com,  

 b nehadabdelgawad@gmail.com 

Keywords: heritage building, sea level rise, adaptation, policies, strategies. 

 

Abstract. The heritage areas carry the identity and culture of our past nations. They tell us what 

happened to our great ancients and how they obligated the cruel circumstances for their hard living. 

Heritage buildings remind us of our great roots, which reflect on their architecture and spaces. So, 

the research aims to put a group of SLR adapatation policies and strategies be maintain on the remains 

for next generations. The Citadel of Qaitbay has been selected as a case study that classified as 

category (A) in the value degree. It is obligated to a protection strategy for the shoreline and few 

modifications inside the citadel to be restored to its good state. The analytical approach will be used 

in the research. SLR adaptation and conservation mechanisms are vital approaches to preserve the 

history and culture of nations in the coastal zones. Besides these approaches, it could be integrating 

with other programs (e.g. special development programs). Soft protection is the main process of SLR 

adaptation strategies and is more sustained in such areas. The accommodation strategy is considered 

the rehabilitation process of the building. Retreat strategy is used rarely when treating the heritage 

areas. 

Introduction 

What remained from ancient lives carries the heritage identity of every nation. These remains tell 

us the story of how ancients adapted and tolerated their physical and socio-economic aspects. 

Therefore, they should be conserved from different hazards that threatening their existence to be 

maintained to the coming generations.  

There are many threats to heritage areas resulting from natural risks and human intervention. 

Natural hazards are various; such as climatic hazards (humidity, heat waves, heavy precipitation, …), 

tectonics (earthquakes, landslides, …), marine actions (SLR, storm surges, saltwater intrusion, 

erosion, inundation, …), riverine forces (floods, erosion in stream body, …). Hazards from human 

intervention are more damaged and more dangerous, which can be resulting from wars, political 

conflicts, purposed corruption, urban and population growth, pollution, neglect, unawareness, gaps 

in land value, unsustainable development, unwise management, etc. 

Climate change and its association with sea-level rise ‘SLR’ have become a fact that increasingly 

challenge coastal zones all over the world (El-Shahat et. al., 2020). These impacts work on losing 

each of coastal lands and assets, including the valued items (e.g. natural protected areas, heritage 

buildings). Therefore, they should be adapted. There are many strategies of adaptation, such as 

protection, accommodation, and retreat (El-Shahat, 2018). 

 

Used Category, Case Study, and Method: 

Based on the value degree of heritage buildings, it could be classified into the followings: 

• Category (A): It is allowed to make restoration without any internal or external 

modification, except in rare conditions. 
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• Category (B): It is allowed only to make minor internal modifications. 

• Category (C): It is allowed to make major modifications with keeping only on structure 

and elevations of building. 

Accordingly, the interfering levels by the adaptation strategies for the three classifications: 

• Protection strategy could be used for category (A); 

• Strategies of protection and minor accommodation could be used for category (B); 

• Strategies of protection and major accommodation could be used for category (C). 

 

The Citadel of Qaitbay has been selected as a case study, which exists in the margin of Pharos 

Island, and adjacent directly to the Mediterranean Sea as in fig (1). The citadel is classified as category 

(A) due to its high value, which obligated to a protection strategy for the shoreline and few 

modifications inside the citadel to be restored its good state. The analytical approach will be used in 

the research to configure a group of adaptation strategies and policies to sustain coastal heritage 

buildings.    

 

 
Fig (1): The recent site of Citadel of Qaitbay (Based on Google Earth). 

 

Sea Level Rise Impacts on The Citadel: 

Due to the direct exposure to sea motion as in fig (2), the citadel has witnessed major devasting events 

from marine actions, such as SLR, tsunami, and storm surges. These hazards have generated an 

inundation and an erosion of the citadel body. Besides, currents and tides have resulted in severe 

immigration of sandy soil surrounding the citadel as in fig (3). Recently, waves have caused a big 

hole in the northern wall of the citadel as in fig (4). There is a saltwater intrusion into the basement 

floor through openings, which impacted the internal parts and foundation of the building as in fig (5).  

As well as, the elevation had been eroded in many parts due to high humidity in the atmosphere and 

high dynamic waves action as in fig (6). 
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Fig (2): The direct exposure of SLR on the citadel. 

Source: Based on photos of Google Earth. 

 

 
Fig (3): The sand immigration surrounding the citadel. 

Source: Based on photos of El-Youm El-Sabea Journal (accessed on 23, Sept 2020). 

 

 
Fig (4): The hole on the northern wall of the citadel. 

Source: Based on photos of El-Youm El-Sabea Journal (accessed on 23, Sept 2020). 
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Fig (5): Saltwater intrusion inside the citadel. 

Source: Based on photos of El-Youm El-Sabea Journal (accessed on 23, Sept 2020). 
 

 
Fig (6): Erosion in walls due to high alkaline in the air and waves action. 

Source: Based on photos of El-Youm El-Sabea Journal (accessed on 23, Sept 2020). 
 

The Local Solutions: 

The antiques Minister with the supervision of the organization of shores protection investigates 

a big project for reinforcement of existed seawall in front of the citadel by blocking the gaps between 

rocks in the seawall, which resulting in erosion in another adjacent unprotected area. Also, they 

already constructing drowned breakwaters from 250m distancing from the shoreline with 7-9 m 

height of the breakwaters to accumulate sand around them, which disturbing the navigation marine 

paths of boats for creation or fishers. At the scale of the building, there is a restoration to eroded 

material in some parts only, also there is bumping to the intruded saltwater out the citadel.  
 

The Optimized Solutions: 

It is required to make a precise restoration to its lost material than happening now to innovate 

the citadel. Also, it should make a rehabilitation to the citadel by making more celebrations and social 

events in day and nights to get feasible money to spend on its maintenance cautiously. It should make 

a managed plan in emergency cases with many procedures, such as blocking the openings before the 

periods of storm surges to preserve the internal spaces in a good state.  

Due to its high priority to our national inheritance, there will be urgent protection to the 

shoreline by soft coastal engineering, such as nourishment dunes stabilized with vegetation to keep a 
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livability shoreline, which will raise the tourism. It also should raise people's awareness of the 

citadel's importance using media and websites to keep on the citadel health by public interest and 

efforts.  

As for the context of the citadel, it should be linked it to the valuables in the surrounding areas, 

such as Ras El-Tin Palace, Abu Abbas Mosque, Al-Attarin Market, Al-Mansheya Square, traffic 

stations, Corniche streets, ... This link is recomended by upgraded pathes, which should be upgrading 

their softscape (e.g. trees, water features), hardscape (e.g. pavement, carvings, furnitures).  

Moreover, it could be adopted a framework for adaptation as the followings:  

• Mapping of future shorelines according to SLR scenarios, topography, and morphology of 

the area. 

• Defining other acceleration forces to SLR risk at the historical area (tsunami, …).  

• Studying socioeconomic aspects of the area to identify local abilities and interesting points 

(services, shops, ...).  

• Studying governmental plans for the area to integrate the efforts of both local authorities 

and stockholders. 

• Intervening by protection strategies after studying the impact of this intervention. 

• Activating the building with many supported programs (i.e. social events). 

• Activating the conservation mechanisms, for example, using the new material with the same 

type and shape as the existing one in a heritage building (conservation programs). 

• Activating social participation in the preservation of the buildings. 

 

Conclusion: 

The heritage areas carry the identity and culture of our past nations. They are socially valued 

and sensitive areas, which need to be considered. SLR adaptation and conservation mechanisms are 

vital approaches to preserve the history and culture of nations in the coastal zones. Besides these 

approaches, it could be integrating with other programs (e.g. special development programs). Soft 

protection is the main process of SLR adaptation strategies and is more sustained in such areas. The 

accommodation strategy is considered the rehabilitation process of the building. Retreat strategy is 

used rarely when treating the heritage areas. 

The research recommends the following: 

• Assessing the SLR vulnerability to all coastal heritage areas at the national scale. 

• Giving priority to strategies to risked heritage areas such as those in low-lying areas. 

• Providing and using precise data to make flexible and modified plans. 

• Effective plans aim with area condition. 

• Encouraging and supporting research studies for vulnerable areas. 

• Awareness and education for more national capacity (e.g. individuals, governmental 

bodies). 
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Abstract: Pesticides are attained through the environment via a direct discharge of the agriculture 

stream in massive amounts. Basically, the precise estimation of pesticide release into the ecosystem 

is quite uncertain. But, recent studies state its toxicity to the biosphere. Thereby, treating such effluent 

is a must. Heterogeneous catalytic oxidation systems showed a superior activity due to in-site 

oxidation. Magnetite nanocrystals (Fe3O4) were synthesized using a cost-efficient co-precipitation 

technique and the structure and morphology of the nanostructured particles were studied using X-ray 

diffraction (XRD) characterized and transmission electron microscopy (TEM).  The  produced 

Magnetite was used as a source of Fenton’s reaction  for oxidizing methomyl in aqueous  stream.  

The effect of multivariable system parameters were investigated, and the optimal system conditions 

were monitored at pH 3.0 and 100 and 40 mg/L of H2O2 and, magnetite, respectively which recorded 

72% of mehtomyl removal within 80 min time of reaction at a lab-scale ultraviolet reactor. To add 

up, for large scale applications, parabolic trough solar concentrator mounted with a tubular reactor is 

used in a pilot scale facility during the summer periods in Menoufia Governorate, Egypt to conduct 

the solar experiments which recorded a hgher removal efficiency through augmented facility.  

 

Introduction 

Ecosystem pollution is in increase due to numerous human activities. Certainly, such pollution is 

creating a serious hazard to human and aquatic life. Wastewaters containing pesticides include 

hazardous and occasionally non-biodegradable chemicals that persist in the environment even after 

being processed conventionally [1]. 

Methomyl is an insecticide in the carbamate group of pesticide that is commonly used in agriculture 

due to its effective control of many types of pests. However, because of its high solubility [2], it is 

harmful to surface and groundwater in agricultural areas. Thus, the European Commission (EC) and 

World Health Organization (WHO) are categorized it as a restricted, very toxic, and hazard [3, 4].  

Advanced oxidation processes (AOPs) have been developed to provide a sustainable and practical 

wastewater management solutions without the use of harmful chemicals to completely mild 

compounds such as CO2, H2O, and inorganic salts [5]. Fenton's reagent depends on using salts and 

H2O2 to create highly reactive hydroxyl used for the treatment different types of pollutants including 

pesticides [6].  

To add up, organic pollutant oxidation by Fenton's reagent may be greatly expedited and enhanced 

by ultraviolet and visible light, as well as solar radiation. Commercially, the use of solar energy as a 

source of UV irradiation is a very attractive and promising technology [7].  

Massive energy consumption is recorded through wastewater treatment plants. Worldwide, energy is 

required to deliver water to humanity. About one percent of the whole energy demand is used yearly 
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in the water sector for water activities. 14% from such energy is only consumed for wastewater 

treatment plants as seen in Fig. 1 [8]. Solar energy is a superior candidate for enhancing Fenton system 

in a cost-efficient, clean and green technique [9]. Ultraviolet source from solar energy makes the 

magnetite based-Fenton reaction meets the sustainability concept. 

 
Fig. 1 Worldwide energy consumption with related water sector’s intake (adopted from [8]) 

Herein, nanostructured Fe3O4 were synthesized and applied as a photocatalyst for methomyl 

elimination. Nonetheless, there is a gap in the study that focuses on utilizing nanoparticles as a source 

of a solar photo-Fenton reagent for treating pesticide wastewater in a pilot-scale application, 

according to the literature referenced. As a result, the current study focuses on eco-sustainable solar-

catalytic reactors for the treatment of methomyl wastewater via pilot-scale Fenton-based system 

under natural sunlight.  

 

2. Materials and Methods 

2.1. Chemicals 

Ccommercial methomyl pesticide with a formula of C5H10N2O2S is supplied by the agriculture 

chemicals company in Menoufia Governorate, Egypt.   The magnetite nanoparticles were prepared 

via co-precipitation technique and used as Fenton catalyst. H2O2, 40% was used to initiate the Fenton 

reaction.  Diluted solutions were prepared from NaOH and H2SO4 were used for pH adjustment. All 

chemicals were used as received without any further treatment or purification. Distilled water was 

also used along this study for preparing solutions. 
 

2.2. Characterization 

X-ray diffraction pattern, XRD, the Fe3O4 precipitate was dried and analyzed using an X-ray 

diffractometer. The instrument applied for the analysis was X-lab Shimadzu X-6000), and identified 

with Cu-Kα radiation. Furthermore, a high-resolution Transmission Electron Microscope (TEM) has 

been applied to investigate the particle size of the as-synthesized Fe3O4 nanoparticles. 

 

2.3. Magnetite nanocatalyst preparation 
Fe3O4 nanoparticles were synthesize via cost efficient co-precipitation methodology. Such 

technique has been highlighted before [10]. In this process Ferric Sulphate, Fe2(SO4)3 and 

Ferrous Sulphate, FeSO4 were dissolved in deionized water of 1.5 L volume. Drop by drop, 

pure sodium hydroxide (NaOH) solution was added with stirring until the pH of the solution 

reached 11.0. The obtained precipitate was filtered and heated to 80 oC. The resultant particles 

then subjected for repetitive washing with distilled water to assure the removal of any 

chemicals, sodium hydroxide and sodium sulphate till the resultant pH of the solution 

recorded neutral pH (7.0). Finally, the obtained nano-magnetite Fe3O4 was dried to 60 °C and 

grounded. 
 

2.4. Methomyl oxidation test 
Initially, 50 mL of  Methomyl pesticide (50 ppm) was subjected to the simulated photo-reactor 

using a ultraviolet (UV) illumination (254 nm wavelength) for conducting the  photo-

oxidation test. The Fenton’s is added and pH is adjusted, if required. Then, at a defined time 
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intervals the treated samples are  subjected for spectrophotometer analysis. Furthermore, for 

a pilot scale solar reactor a parabolic trough solar collector augmented with a tubular reactor 

is used. Methomyl is allowed to be circulated through a peristaltic  pump (Shenchen, model 

LABN6) to the tubular reactor where the sun is collected and reflected to the reactor where 

the Fenton’s occurs. The photograph f the pilot scale experimental set-up is illustrated in Fig. 

2 (with the schematic representation inset of Fig. 2). 

 
Fig. 2 Pilot Scale Solar reactor 

2.5. Analysis technique 

(Unico UV-2100 spectrophotometer, USA was used for methmoyl analysis. Solarmeter (KIPP 

ZONEN ISO 9060, Pyranometer CMP 3) was used to monitor solar radiation through the day-time 

of study.  
 

3. Results and Discussions: 

3.1. Morphological and structural characterization of Magnetite: 

The TEM micrographs of the produced Fe3O4 nanoparticles shown in the Fig. 3 revealed that the 

majority of the nano-magnetite are spherical in shape, with the exception of tiny edges connected to 

specific nanoparticles. Also, the XRD graph (adopted from the previously published by the authors 

[11] displayed the peaks in the graph corresponding to a single phase of spinel structure for magnetite 

nanosturucture. 

 

Fig. 3 TEM micrograph and XRD of the synethsized magnetite samples 

3.2. Artificial UV- illumination Fenton test 

Effect of magnetite dose  

Under the UV-illumination, series of experiments are carried out to examine the effect  of 

magnetite nanoparticles dose on methomyl oxidation. A 50 mg/L of the methyl solution was subjected 

to various magnetite nanoparticles concentrations ranged from 10 to 80 mg/L, (at 100 mg/L of H2O2 

and pH 3.0). As illustrated in Fig. 4, increasing magnetite results in an increment in oxidation of 

methomyl. However, further catalyst increase results in a decline in oxidation rate. 40 mg/L was 

recorded as the optimal magnetite dose. This is illustrated by the presence of Fe3O4 over or lower the 

optimal limit could affect OH• radicals production which is the main responsible of oxidation [12]. 

Hence, the overall reaction yield is scavenged. 
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Fig. 4 Effect of magnetite dose on oxidation 

Effect of H2O2 concentration: 

      Fig. 5 displays the  effect of different doses of H2O2 reagent  at constant 40 mg/ L of megnetite 

and pH 3.0. The results reveal that changing the peroxide concentration from  100 to 1600 mg /L 

changing the  oxidation rate, however, the best oxidation value of methomyl elimination rate is 

corresponding to 100 mg/L of H2O2 concentration. This is  linked to the OH• radicals’ generated.  As 

H2O2 is a key parameter that possess a terminal effect on the radicals produced. Contrary, the reaction 

yield is declined with unoptimal H2O2 since the unoptimal peroxide results in a low OH• radicals that 

hinder the reaction.[13, 14]. 

 
Fig. 5 Effect of H2O2 dose on oxidation 

 

Initial pH Effect: 

Fenton oxidation  is highly dependent reaction on  pH conditions. Thus, such effect was studied by 

varying the initial  pH value of methoyl solution (3.0-8.0) keeping peroxide and magnetite 400 and 

40 mg/L, respectively. Fig. 6 clearly displays the oxidation is affected with the starting pH of the 

solution. Decreasing the pH from to 3.0 increases the oxidation rat. This observation is most likely 

due to the maximal OH• radicals’ production within the acidic medium. Hwover, unfavourable 

radicals are created at higher pH values [15, 16]. 
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Fig. 6 Effect of pH dose on oxidation 

3.3. Solar Oxidation: 

In Menoufia Governorate in the north of Egypt in the Nile Delta Region, like most cities in Egypt, 

well endowed with the natural solar radiation especially in the sum season the sun enhanced Fenton 

oxidation experiments is conducted. During July, the time of study, the solar radiation is monitored 

to reach to 942 W/m2. The solar experiment test is given in Fig. 7 show that the pre-natural solar 

irradiance test helps in almost complete methomyl removal which is more than 95% due to photons 

attained from the sunlight initiating the Fenton’s reaction more than that gained from artificial UV 

illumination source [17].  

 

 
Fig. 7 Effect of natural solar treatment augmented UV oxidation on methomyl oxidation 

 
Conclusion 

Fenton reagent that is so-called solar Fenton reaction revealed a good treatability in oxidizing 

methomyl pesticide. Augmented natural radiation with artificial UV radiation recorded a good 

efficiency compared to UV radiation only and the reaction well working at pH 3.0 and the optimized 

conditions affects the removal efficiency.   

References 

 

[1] M.A. Tony, H.L. Parker, J.H. Clark, Journal of Environmental Science and Health, Part A, 51 

(2016) 974-979. 

[2] M. Tamimi, S. Qourzal, A. Assabbane, J.M. Chovelon, C. Ferronato, Y. Ait-Ichou, Photochemical 

& Photobiological Sciences, 5 (2006) 477-482. 

[3] S. Malato, J. Blanco, J. Cáceres, A.R. Fernández-Alba, A. Agüera, A. Rodrıguez, Catalysis Today, 

76 (2002) 209-220. 

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50

C
/C

o

Time, min

pH 3

pH 5

pH 7

pH 8

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60 70 80

C
/
C

o

Time, min

Pre-natural
solar treatment

Advanced UV
treatmeant

400

600

800

1000

1200

9:00 11:24 13:48

S
o

la
r 

R
a

d
ia

ti
o

n
, 

W
/
m

2

Local Time



 

36 
 

3rd International conference of Chemical, Energy 

and Environmental Engineering 
July 2021 Egypt Japan University of Science and 

Technology, Alexandria, Egypt. 

[4] C. Zhang, Z. Yang, W. Jin, X. Wang, Y. Zhang, S. Zhu, X. Yu, G. Hu, Q. Hong, Letters in applied 

microbiology, 64 (2017) 289-296. 

[5] M.A. Tony, P.J. Purcell, S.A. Mansour, Chemical Engineering Communications, (2020) 1-15. 

[6] M.A. Tony, S.A. Mansour, International Journal of Environmental Science and Technology, 17 

(2020) 161-174. 

[7] M.A. Tony, S.A. Mansour, International Journal of Environmental Science and Technology, 17 

(2020) 1337-1350. 

[8] K. Wydra, M. Jaskolski, L. Wagner, E.S. Mohamed, Journal of Photonics for Energy, 9 (2019) 

043108. 

[9] M.A. Tony, International Journal of Environmental Analytical Chemistry, (2021) 1-33. 

[10] P.L. Hariani, M. Faizal, R. Ridwan, M. Marsi, D. Setiabudidaya, International Journal of 

Environmental Science and Development, 4 (2013) 336-340. 

[11] R.H. Thabet, M.K. Fouad, I.A. Ali, S.A. El Sherbiney, M.A. Tony, International Journal of 

Environmental Analytical Chemistry, (2021) 1-23. 

[12] H.S. El-Desoky, M.M. Ghoneim, R. El-Sheikh, N.M. Zidan, Journal of hazardous materials, 175 

(2010) 858-865. 

[13] W. Chu, Chemosphere, 44 (2001) 935-941. 

[14] W. Sabaikai, M. Sekine, M. Tokumura, Y. Kawase, Journal of Environmental Science and 

Health, Part A, 49 (2014) 193-202. 

[15] F. Akbal, A. Kuleyin, Environmental Progress & Sustainable Energy, 30 (2011) 29-36. 

[16] M.A. Tony, P.J. Purcell, Y. Zhao, Journal of Environmental Science and Health, Part A, 47 

(2012) 435-440. 

[17] M.A. Tony, Energy Storage, (2021) e238. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

37 
 

3rd International conference of Chemical, Energy 

and Environmental Engineering 
July 2021 Egypt Japan University of Science and 

Technology, Alexandria, Egypt. 

Lithium-Ion Batteries Thermal Management based on Nanomaterials 
Technology and Cooling Strategies  

Marwa Mahmoud Hamed1, Jackleen S. Same1, Walid A. Hussien1, 

A. El-Tayeb*1, I. Moukhtar1, Esam H. Abdelhameed1, A.Z. El Dein1 

1Electric Engineering Department, Faculty of Energy Engineering,  

Aswan University, Aswan, Egypt. 
 

*E-mail: Ahmed_al_tayeb@aswu.edu.eg 

Keywords: Lithium-Ion Batteries, Nanotechnology Materials, Battery Thermal Management 
Systems, Phase Change Material and Simulation Model. 

Abstract. This article presents nanotechnology materials and different cooling methods as a practical 

solution for improving the thermal management of lithium-ion batteries. These batteries are very 

sensitive to frequent temperature changes, which affects the battery life. Hence, designing effective 

battery thermal management systems is very important for enhancing heat dissipation and extend 

battery life. During the charging and discharging process of the battery, the unequal heat generated 

at every cell inside the pack and the generated convection coefficient, which is higher at the surface 

than the center of the battery, cause a non-uniform in the battery temperature.  The irregular 

temperature distribution has negative impacts on the overall performance of the battery pack. 

Therefore, the rapid changes of the batteries had to be monitored carefully and managed to avoid 

safety and thermal-related issues. Until now, many researchers developed various battery thermal 

management systems to meet the requirements such as high power, fast charging rates, and improved 

driving performance. This paper summarizes the recent research studies of thermal management of 

lithium-ion batteries.  The management strategies classify into two categories: internal cooling 

strategies, which depends on nanotechnology materials such as phase change material cooling 

methodology, and external cooling strategies, which relies primarily on-air cooling or liquid cooling 

methodologies. Furthermore, numerous thermal models have been discussed for better understanding 

of the heat transfer mechanisms within the battery enclosure, where the thermal radiation and natural 

convection from all free surfaces were modeled. in addition, propagation of thermal runaway of all 

cells in the battery pack is predicted through the analysis of the thermal simulation model. 

1. Introduction 

Li-ion batteries (LIBs) are the powerhouse for the digital electronic revolution in the modern 

mobile society, which exclusively used in mobile phones and laptop computers. The success of 

commercial LIBs in the 1990s was not an overnight achievement, but a result of intensive research 

and contribution by many great scientists and engineers. Then many efforts have been put to further 

improve the performance of LIBs that achieved certain significant progress. To meet the increasing 

demand for energy storage, particularly from increasingly popular electric vehicles, intensified 

research is required to develop next generation LIBs with dramatically improved performances, 

including improved specific energy and volumetric energy density, cyclability, charging rate, 

stability, and safety [1, 2]. There are still notable challenges in the development of next-generation 

LIBs. New battery concepts must be further developed to go beyond LIBs in the future. Although the 

lithium-ion battery is the most energy promising new energy sources but many problems at the side 

of safety view on the thermal hazards can be caused by several factors such as electrical,  chemical, 

physical, and thermal factors. The generated internal heat is the main cause of the security issues in 

LIBs [1, 3]. Due to abuse conditions such as electrical, thermal, or mechanical abuse, a series of side 

reactions are excited, and a huge amount of heat is released. When this amount of generated heat 

cannot be dissipated in time, the internal temperature in LIBs quickly increases. The highly internal 

temperature causes decomposition of solid electrolyte interface on anodes, collapse of separators, and 
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oxygen evolution in cathodes. Eventually, these reactions lead to thermal runaway and consequently 

safety accidents such as combustion and explosion [4, 5].  Many types of research are doing to 

overcome the thermal hazard and improvement the electrical, chemical, and physical properties [3]. 

Some measures are reviewed including the application of safety devices, fire-retardant additives, 

battery management systems, hazard warnings, and firefighting should a hazard occur [6, 7]. This 

research will discuss the thermal problem enhancement inside the battery, includes electrolyte, 

cathode, anode, and separator parts, and outside the battery using different cooling strategies. Various 

battery thermal management systems (BTMSs are designed to control the operating temperature of 

LIBs and ensure performance and safety. For batteries operating in high temperature conditions, 

current cooling strategies rely primarily on air cooling, liquid cooling, and phase change material 

(PCM) cooling [8, 9]. 

2. Internal Cooling of Lithium-Ion Batteries 

Within the final two decades, a wide assortment of nanomaterials (measured or structured) was 

arranged in several forms by either physical or chemical “bottom-up” or “top-down” strategies [10, 

11]. The foremost curiously portion approximately these structures at the nanoscale is that size-related 

marvels and forms can happen, and consequently changes in properties or improvement of unused 

ones emerge as it were since of size, that cannot be seen in their large-scale partner [12].  Also, over 

the past two decades, there has been quick progress in the field of nanoelectronics to get the behavior 

of limited electrons in solids and to a lesser degree in nanoionics for the behavior of restricted particles 

in solids [13].  The application of nanomaterials standards in electrochemical storage devices and 

energy conversion in common caught on at an awfully early organize due to the self-evident benefits 

in catalysis for fuel cells or upgrading charge and release in batteries and capacitors [12]. Lithium-

Ion battery innovation was no exception, and as talked about within the past segment, one or two of 

the terminals are blended ionic or electronic strong conductors and the electrolyte is a particle 

conductor. Subsequently, it is exceptionally imperative to get it the behavior of particles and electrons 

when limited in strong materials at the nanoscale and its impact on battery execution.  

2.1  Nanomaterials for Separator in Lithium-Ion Battery:  

The separator is an important part in the battery to ensure the safety of lithium-ion batteries and 

prevent direct electric contact between the cathode and anode while allowing ion transport see figure 

(1). The separators are not an element in the electrochemical reactions but determine the performance 

of the electrochemical reaction and the safety of LIBs.  

 
Figure (1) Separator in lithium-ion battery 

The separator with phase change material (PCM) of paraffin wax encapsulated in hollow 

polyacrylonitrile nanofibers can prevent the internal temperature rise of LIBs. It is indispensable to 

build safer LIBs from the separator aspect. Currently, polyolefin-based microporous membranes are 

the most widely used separators in LIBs. However, the poor thermal stability and wettability with 

electrolytes of these low-melting-point and nonpolar polymers need to be overcome. Recently, 

inorganic, and organic materials have been coated onto separators to improve thermal resistance and 
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wettability. Nevertheless, the coating layer may increase the thickness and decrease the porosity of 

the separators. More importantly, rationally designed separators with multiple functions are proposed 

to improve the safety of LIBs. For example, it is beneficial to suppress the dendrite growth of lithium 

by altering the pore structure or engineering the surface properties of separators. When the dendrite 

growth of lithium is inevitable, a dendrite detecting separator is constructed to alert of Li dendrite 

formation by sensing of the voltage change. The separator with a phase-change material (PCM) of 

paraffin wax encapsulated in hollow polyacrylonitrile nanofibers renders a wide range of enthalpy 

(0–135.3 J g−1), capable of alleviating the internal temperature rise of LIBs in a timely manner. Under 

abuse conditions, the generated heat in batteries stimulates the melting of the encapsulated PCM, 

which absorbs large amounts of heat without creating a significant rise in temperature. 

2.2 Nanomaterials for Anode in Lithium-Ion Battery 

There are many promising materials that can be used as electrodes of the anode. The Sn anode 

which can be formed with the lithium alloy. The Sn material is expensive and nontoxic. Because of 

graphene characteristics it can be used to enhance the Sn anode performance. A 3D carbon anode 

lattice designed and covered with Sn/graphene   porous nanosized by Lian et al [14]. The merits of 

this composite are its high reverse capacity which is nearly 600mAhg-1 at 50 cycles. In recent 

research, encapsulation process is used to encapsulate the Sn nanoparticle (Sn/NPs) which 

synthesized by microwave irradiation of SnO2, which gives reversible capacities of 1037 mAhg-1. 

The cycling ability exceeds 5000 times in half-cells at a 6 C rate while retaining 400 mAhg −1 

reversible capacities [15]. From this, the graphene composite with the tin can enhance the 

performance of the anode lithium-ion battery and treatment the problem of the volume expansion 

during Li cycling. Junke Ou& Shugen Wu and Hao Wang [16] use the cobalt oxide CO3O2 

nanomaterial to enhance the performance of the anode as indicated in Figure (2). This material gives 

good electrochemical properties, which has a large capacity of nearly 890 mahg-1 nanomaterial 

synthesis with hydrothermal synthesis. 

 
Figure (2) CO3O4 Nanoparticles in lithium-ion battery 

2.3 Nanomaterials for Cathode in Lithium-Ion Battery: 

More advanced research operates on the battery cathode to enhance the performance of the battery 

as more cycles, thermal treatment problem, and high capacity. The required properties of materials 

that used as a cathode have more attention due to their merits such as cheap material, high capacity, 

high cycle stability, and nontoxic. This material could achievement by coating the cathode surface 

with an inorganic material as TiO2, Li2ZrO3, Al2O3, but the inorganic material has a problem of resist 

the diffusion of li+. This problem can avoid by doing a modification on its surface by polymers.  Yoon-

Sung Lee, Won-Kyung Shin and Aravindaraj G Kannan [17], synthesized Layered 

LiNi0.6Co0.2Mn0.2O2 cathode material and double-layer coated with Al2O3 nanoparticles and 

conductive PEDOT-co-PEG copolymer. 

2.4 Nanomaterials for Electrolyte in Lithium-Ion Battery: 

The electrolyte is one of the critical components within the lithium-ion battery but, has several 

demerits. For organic solvent-based electrolytes, their problems are flammability and intrinsically 

poor cycling efficiency. For ionic liquid-based electrolytes, their demerit is the relatively high 
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viscosity, which limits the attainable ionic conductivity. Composite polymer electrolytes (CPEs) can 

enhance the performance of the lithium-ion battery,  they have good electromechanical properties and 

can increase the mobility ions [18]. CPEs can improve the structure and interactions between 

atoms/ions/nanoparticles within the system, and dielectric 

3. External Cooling of Lithium-Ion Batteries 

3.1 Air Cooling in Lithium-Ion Batteries:  

Air cooling strategies can be classified into natural cooling and forced cooling when the intake air can 

be either direct from the atmosphere (that called passive air system) or be conditioned after an air 

conditioner heater or evaporator (that called active air system). Figure (3) shows a schematic 

description of the systems. Both called forced air system because in both cases the air is supplied by a 

blower. The forced air-cooling system with simple structure has the advantage of high reliability, low 

cost as well as easy maintenance, while it has poor thermal management, that is, beyond the operating 

temperature, uneven uniformity of temperature distribution and thermal escape diffusion. At high 

ambient temperatures such as 45°C - 50°C, the temperature inside the battery pack exceeds 55°C which 

exceeds the operating temperature and causes thermal escape. The uniformity of the temperature 

distribution is also important because of degradation and life cycle. As the flow rate increases, the 

maximum temperature difference of the cell will degrade and reduce the cycle life because heat transfer 

between cells is faster than heat transfer from the battery pack to the air. So, if one of the cells fails, 

then thermal escape will spread on the battery pack [2]. 

 
Fig (3) Forced air system (passive & active) 

3.2 Liquid Cooling in Lithium-Ion Batteries: 

Liquid cooling strategies can be further classified into direct cooling and indirect cooling. Direct 

liquid cooling is the immersion of the battery unit in the dielectric cooler (such as oil) while indirect 

cooling is achieved by the liquid flowing through the tubes/separate casing around the unit or cold 

plate where the units are placed on. Since the heat must pass through the surface of the tubes/panels 

before the coolant takes it away, the thermal resistance of indirect cooling inevitably increases.  

 
Fig (4) Passive liquid system 

In contrast, the heat transfer process in direct liquid cooling is more efficient due to the direct contact 

between the coolant and the batteries. However, the high viscosity of dielectric fluids such as mineral 
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oil leads to large energy consumption when a high forced flow rate is required. Things are different 

with indirect cooling that can use low-viscosity liquids such as water. Liquid Coolant has a higher 

thermal conductivity which makes it a more attractive choice as a cooling medium [3]. Liquid systems 

can also be categorized into passive systems or active systems. In a passive fluid system, the heat sink 

for cooling is a radiator. This system does not have the ability to heat up. Fig (4) shows the regular 

diagram of a passive fluid system. The heat transfer fluid is circulated by the pump inside a closed 

system. The circulating fluid absorbs heat from the battery pack and releases heat through the radiator. 

The cooling power is strongly dependent on the temperature between the surrounding air and the 

battery. Fans behind the radiator can improve cooling performance, but if the ambient air is higher 

than the battery temperature or the difference between them is too small, the passive fluid system 

becomes ineffective.  Active liquid system consists of two loops as shown in fig (5). The upper part 

is called the primary loop and the lower part is called the secondary loop. The primary loop is like 

that of a passive fluid system, in which the heat transfer fluid is circulated by the pump. The secondary 

loop is the air conditioning loop (A/C loop). The upper heat exchanger instead of the cooler acts as 

an evaporator (EVAP) for the cooling process and connects both loops. During the heating process, 

the four-way valve will be switched; the upper exchanger acts as a condenser (COND) and the lower 

heat exchanger acts as an evaporator. The heating operation loop is also called the heat pump loop. 

 
Fig (5) Active liquid system 

3.3 Phase Change Material (PCM) in Lithium-Ion Batteries  

PCM cooling systems perform well for thermal management. Even under high ambient temperatures 

from 45 ° C to 50 ° C, the temperature inside the cell bundle is always below 55 ° C due to the high 

thermal conductivity and latent heat. PCMs can absorb and release a large amount of thermal energy 

during their melting and freezing process, with outstanding advantages of storing or releasing the 

thermal energy at a constant temperature or with a narrow temperature range, communication 

technologies have been rapidly progressed. If a single cell fails, the thermal escape will not propagate 

because the PCM graphite matrix rapidly absorbs and distributes heat. The weakness of PCM is that 

it is more suitable for cold conditions or in space. PCM structure is simple, light and space-saving. 

But it still has flammability and electrical conductivity as well as resizing due to graphite PCM 

property. Recently, proposed the utilization of paraffin phase change material (PCM) with graphene 

fillers to enhance the performance of lithium-ion (Li-ion) batteries versus intense self-heating [13].  

4.  Simulation analysis of air cooling 

This paper presents a review of batteries' thermal field simulation by studying the structure and working 

principle of monomer battery and the thermal field distribution of the battery pack using suitable 

simulation software and applied on the battery back. the thermal simulation of a single battery it is 

necessary to study the heat generation of a single battery by 3D- parameters of the battery, there a lot 

of software was used to build the three-dimensional model. Various parameters influence thermal 

distribution inside and outside the batteries such as the thickness of the battery, the material inside the 
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battery is regarded as uniform heating, the heat generation rate of the battery when the battery is 

discharged, and using the material parameters of the battery, the battery heating rate, the boundary 

conditions, it found the maximum temperature difference. By monomer battery simulation it could be 

seen that the highest temperature of the surface of the battery was 47.05 ℃, and the lowest temperature 

was 34.25 ℃, the difference of the temperature of was 12.8 ℃, and the temperature difference of 12.8 

℃ was more than reasonable temperature difference of 5 ℃ battery pack. Therefore, it was necessary 

to install the cooling system when the battery works in the battery pack.  

5. Conclusion 

The Li-ion battery is a promising alternative in many application of electrical devices such as mobile 

phones, laptop computers, and electric vehicles. However, the lifespan, performance and safety of Li-

ion battery are strongly depended on their operating temperature. Inappropriate temperature will cause 

the power/capacity degradation, shorten the cycle life and may even cause the thermal runaway. Also, 

large unequal temperature among cells or within each cell may lead to the failure of battery. Therefore, 

Li-ion batteries should be maintained in a speceified temperature range. To this end, an effective 

thermal management system is critical to control the batteries within a desired temperature range. 

Additionally, it is essential to develop an accurate thermal model for Li-ion batteries to conduct 

numerical simulations. The cooling strategies are categorized into: internal cooling of lithium-ion 

batteries such as nanomaterials for separator, anode, cathode, and electrolyte, and external cooling of 

lithium-ion batteries such as air cooling, liquid cooling, and PCM. Among these approaches, the air 

cooling is the best way in electric vehicle power system, while liquid coolant has a higher thermal 

conductivity which makes it a more attractive choice as a cooling medium.  As well, the  nanomaterial 

play an important role for enhancing the performance of the lithium ion battery, many properties 

mentioned in the review enhanced by nanomaterials like electromechanical, thermal, capacity voltage 

and conductivity.  
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Abstract. Breakwaters, for example, are structures designed to sustain and dissipate the energy 

produced by waves. They help stabilize the coast and preserving ports, beaches, and other coastal 

resources and habitats. Due to their aesthetic advantages and high structural efficiency, semi-circular 

breakwaters have been used in various locations worldwide. Coastal structures are subject to 

hydrodynamic forces usually estimated through physical models and experiments, which still a 

realising tool to study and design such systems. However, these models are difficult to implement, 

requiring high costs and long experimental procedures. Thus, alternative methodologies for analysing 

the hydrodynamic efficiency of these structures are extremely beneficial. In this study, a two-

dimension wave flume model and the computational fluid dynamics tool (Flow-3D) are used to study 

the efficiency of the semi-circular breakwater (SBW). The numerical model was calibrated and tested 

using experimental data, taking into account the effects of water depth and wave characteristics. The 

results show that the numerical model accurately simulates wave flume and semi-circular breakwater 

interaction with the fluid. Furthermore, SBW has demonstrated its high efficiency in dissipating 

waves by 65 to 80% when partially submerged. 

Introduction 

There are three approaches to study the coastal structures by measuring and observing from the field, 

laboratory study, and mathematic models. Although the expansion of using numerical models in 

coastal engineering; has not made physical models outdated. Recently, a new concept of "hybrid 

modeling" appeared where physical model results were used as input for numerical models and 

alternately [1]. [1,2] classified the physical models into several types, Fig. 1.  
 

 
Fig. 1: Classification of the physical model types. 

 

[3] compared between Physical Simulation (PS) and Numerical Simulation (NS), and reported that 

once the methodology of numerical code is learned, it can take a short time by mouse clicks to 

simulate any coastal conditions. In PS, wave data is recorded at defined locations by wave gauges or 

optical readings.  While numerical data is extracted at any point of the grid, it gives the entire image 

for any complex problem. Additionally, all types of waves can be generated in NS, unlike PS. 

Roughly 71 % of the earth's surface area covers the blue water of oceans and seas. The position at 



 

45 
 

3rd International conference of Chemical, Energy 

and Environmental Engineering 
July 2021 Egypt Japan University of Science and 

Technology, Alexandria, Egypt. 

which these waters met land is the coastline. Coastal protection is an urgent need in many coastal 

areas to retrieve the land depleted by sea attacks. The SBW is characterized by a lightweight hollow 

structure for weak bed soil, curvature shape which reduces wave force and dissipates wave energy as 

wave run-up. This structure is also prefabricated, which decreases construction time. This paper aims 

to study the hydraulic performance of the semi-circular breakwater using physical and numerical 

models. The structure will be installed directly on the bed without a rubble mound base to exclude 

the effect of base. 

Experiment Work 

The physical modeling mission is to understand structure behavior and its effect on the hydrodynamic 

parameters and bed morphology within controlled conditions [2]. Most of the coastal structures are 

model tested to reach the optimum design where all the available design equations are empirical 

formulas with many limitations.  

Wave Flume. The experiments were carried out in the physics lab of the Coastal Research Institute 

at the Abu - Quir research station in Alexandria, Egypt. It is executed in a wide wave flume of 40 m 

long, 1.20 m wide, and 1.20 m deep, Fig. 2. The flume bed was reshaped with a sand layer with a 

maximum height of 0.30 m and a ramp of 1:10, both covered by cement mortar to create deep and 

transition zones with a fixed bed. 

 
Fig. 2. Schematic diagram of the experiment setup. 

 

Regular waves up to 30 cm height and 3.0 sec period were generated by a flap stainless-steel paddle 

plate that hinged at one end of the flume bed. Passive wave absorbers are installed to reduce the 

amount of reflection from end walls and enhance the quality of wave generation. In this work, four-

wave gauges (P1, P2, P3, and P4) were installed at the flume center alignment at 10.25 m, 16.9 m, 

17.53 m, and 21.16 m from wave paddle to measure the fast changes in water level. The first and the 

last gauges measure incident and transmitted wave properties, respectively. The second and third 

gauges obtain the incident regular and reflected irregular waves, which can be separated by measuring 

the wave elevations at two known positions on a line parallel to the direction of wave propagation 

[4]. At the beginning and end of each series of experiments, all the wave probes were carefully 

calibrated. 

Model Installation. The wide flume model is used to check the efficiency of the smooth solid semi-

circular breakwater (SBW) of radius R= 0.30 m and long l= 1.18 m installed and fixed on the flume 

fixed bed, Fig. 3 – a. It was constructed on a scale of 1:10 from a steel frame covered by a cladding 
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aluminum sheet of 0.40 mm thickness. Radial stiffeners were added to brace the model from sway. 

Fig. 3 – b presents model installation. 

 
   

( a ) ( b ) 
Fig. 3: a - Isometric view and cross-section for SBW, b - Structure installation during physical model experiments.  

 

Test Series. The experiments were divided into; Group A without structure and Group B with semi-

circular structure. The two series of experiments were conducted under the same conditions. All 

experiments are subjected to a group of wave periods (T) range from 1.25 to 3 sec. with 0.25 sec. 

interval and water depths (d) equal 0.20, 0.30, and 0.40 m, corresponding to merged, crest with still 

water level and submerged structure respectively.  

Numerical Model 

Flow-3D software [5] is used to solve governing equations to simulate the fluid characteristics based 

on solving RANSE (Reynolds-averaged Navier-Stokes Equation). This software implements the 

Volume of Fluid VoF method applied to track the free surface [6]. Computational hardware used for 

all the simulations presented as follows: Computational Specifications = Dual Intel Xeon Processor 

E5-2687W V3 (10C HT, 25MB Cache, 3.1 GHz Turbo) with 128GB 2133MHz DDR4 Memory.  

Model Setup. The geometries used in this research were exported as a stereolithographic (.stl) format 

from Auto-CAD 3D to the Flow-3D model. Regular structured grid cells are employed with varying 

sizes according to the zone's weightiness, fine at fascinating places, and course at inlet and outflow 

gradually to achieve high accuracy, low simulation time, and good grid skewness ratio. 

Many trials have been conducted to settle grid resolution. The trials show that 0.005 m, 0.01 m, and 

0.05 m cell dimensions around structure, at relaxation zones and boundaries, respectively, are the best 

for our case Fig. 4. Simulation time was 20 seconds, with an initial time step 0.01 sec., which is 

sufficient to catch the rapid change in free surface. 

 

 
Fig. 4: Numerical domain of the model and the domain discretized grid. 

 

In our simulation, the water is considered a Newtonian fluid, the LES turbulence model is used to 

simulate the turbulency and details of flow fluctuation. One fluid was used, which means that the 

upper region of fluid has negligible inertia relative to the water inertia. The stokes wave ('Fenton's 

5th-order theory) is generated at the inlet boundary [7]. Wave absorbing layer is installed before an 

outflow boundary reduces wave reflection from the boundary on the right [5]. Symmetry boundary 

type is applied at the sidewall, the top of the domain, and each mesh block's edges to decrease 

calculations, while the bottom is a wall type [7,8]. Four probes are applied at the exact locations in 

the physical experiments for monitoring free water surface elevation, which is used in model 

calibration, validation, and wave series analysis.  

Calibration and Validation. The target of verification and validation guarantees reasonable results 

for a specific range of flow problems produced using the Computional Fluid Dynamics CFD code. 
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The experimental study within the flume without structures was used to calibrate the numerical 

model. In contrast, experimental studies with the structure were used for the model verifications. The 

results show strong correlation coefficients R2 between the numerical and physical models range 

between 0.93 and 0.98 at the four locations of wave probes, Table 1 and Fig. 5. The numerical model 

success in simulating the semicircle structure interaction with the fluid with high accuracy. 
 

Table 1: Calibration and validation of the numerical model using the experimental results.  

Case Action d (m) T (sec) R2  

No structure 
Calibration 0.20 

2.55 
0.93,0.98,0.98,0.92 

Validation 0.40 0.97,0.97,0.96,0.97 

SBW Validation 0.20 1.9 0.95,0.93,0.97 

 

(a) No structure, d =0.20 m, and T =2.55 s 

P1 

 

P2 

 

P3 

 

P4 

 
 Time (sec) 

(b) SBW, d = 0.20 m, and T= 1.9 s 

P1 

 

P2 

 

P3 

 

P4 

 
 Time (sec) 

Fig. 5: Numerical model (Red) calibration and verification for the free surface elevation at probes 1, 2, 3, and 4 for (a) No structure, 
(b) SBW compared with physical model results (Blue). 

Results and Discussion 

After calibration, the numerical model is used to study the structure efficiency for the different 

submergence values (d/R) and the wave steepness (Hi/gT2). Twenty-five numerical model runs were 

carried out for the dominant, real, and effective regular wave characteristics. Table 2 shows the input 

wave features for different numerical model simulations.  

 
Table 2: Characteristic of generated wave in numerical models. 

d/R (Hin, Tin) 

0.67 (0.04, 

1.9) 

(0.055, 

1.95) 

(0.07, 

2) 

(0.085, 
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(0.1, 

2.1) 
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(0.13, 

2.2) 
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1.33 
(0.16, 

2.3) 

(0.19, 

2.4) 

(0.22, 

2.5) 

Wave heights implemented within the range of applicability, in which wave height does not exceed 

breaking condition Hb = 0.78 d, the wave impinges the structure. Table 3 summarizes the result of the 

analyzed data for the numerical model. It illustrates the structure's efficiency in dissipating waves by 

values of coefficient of reflection (Kr), transmission (Kt), and dissipation (Kd). 
 

Table 3: Summary for results analysis.    

Coefficient d/R = 0.67 d/R = 1 d/R = 1.33 

Kr 0.98 to 0.99 0.39-0.67  0.37-0.52 

Kt 0.01- 0.08 0.46-0.65  0.61-0.75 

Kd 0.03- 0.20 0.65-0.8  0.5-0.67 

 

Fig. 6 shows that the reflection coefficient decreases with the increase in the water depth and increases 

wave steepness. It also demonstrates that the transmission coefficient rises with increasing water 

depth and decreases with increasing wave steepness. As a result, one of the main drawbacks of this 

type of structure is wave reflection. As a result, using SBW as a submerged coastal protection 

structure with the lowest reflection coefficient is ideal. 

 

 d/R = 0.67 d/R = 1.0 d/R = 1.33 

Kr 

   

Kt 

   

K

d 

   
 Hi/(g*T2)*0.01 

Fig. 6: Effect of the emerged, partially submerged, and Submerged structure on the wave characteristics. 

Conclusions and Recommendations 

This study aims to identify the hydraulic performance of semi-circular breakwater. Besides 

experiment measurements, numerical simulations have been executed to widen the physical model 

results and check the structure under different hydrodynamic conditions. The flume without and with 
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SBW was tested physically under the same conditions. The results were used to calibrate and validate 

the numerical Flow 3D model based on the Reynold Average Navier-stocks equation and Large-eddy 

simulation turbulent model. The calibration revealed that the agreement correlation coefficients 

ranged from 93 to 98 percent. The study represents the efficiency of SBW coastal protection structure 

in dissipating waves by 3 - 20 %, 65 - 80 %, and 50 - 67 % for different depths of submergence 0.67, 

1, and 1.33, respectively. The structure, on the other hand, substantially amplifies the reflected wave. 

So, to improve the structural efficiency, it is advised that the structure be changed to a corrugated 

semi-circular or perforated semi-circular breakwater. 
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Abstract. Dam failures result in the loss of lives and money; therefore, reducing seepage and 

enhancing dam stability are essential. As a result, seepage control measures must be installed on earth 

dams to be safe and stable against the harmful effects of seepage through them. The upstream 

impervious blanket, linked with the dam core, is an acceptable measure for controlling seepage 

through earth dams based on previous foundations of great or infinite depths. The effect of the 

upstream impervious blanket on seepage features, such as seepage discharge, head loss, and the free 

surface location, is investigated in this work using an analytical solution based on both confined and 

unconfined seepage ideas. Analytical formulas are developed to calculate the seepage discharge, the 

maximum height of the free surface, the head loss, and the free surface position. Results revealed that 

the proposed control measure could reduce the seepage discharge, increases head loss, and lowers the 

free surface to a large extent when applied on Shiwashok earth dam, in Iraq, as a case study. 

Introduction 

Earth dams are commonly constructed on alluvial layers with high permeability, allowing water to 

seep through the soil pores and create mechanical drag forces on soil particles. If these forces exceed 

the resistance force of the soil grans, movements of grans may occur, especially at the seepage exit, 

leading to undermining of soil particles by piping or upheaval, which may lead to irreversible 

damages in the long term of use. In addition, a huge amount of water may be lost by under-seepage, 

which is of great economic concern in storage dams. 

According to the foundation depth, several techniques can be employed to control seepage through 

earth dams, such as clay trench for shallow depths, vertical cutoff walls for moderate depths, and 

upstream impervious blanket for deep depths [1]. According to [2], penetration of the vertical cutoff 

by 90 % and 50 % reduces discharge by 64 % and 25%, respectively, which is economically 

unacceptable. Therefore, the upstream impervious blanket is the best choice to control seepage 

through earth dams based on pervious foundations with great or infinite depths. 

Despite the effectiveness of the upstream impervious blanket as a seepage control measure, few works 

were oriented to analyze its effect on seepage through earth dams. Recently, some numerical models 

based on the finite element method were applied to study the performance of the upstream impervious 

blanket [3,4,5]. A few analytical solutions, mostly close to empirical forms, were presented in the 

previous studies [6,7].      

It is seen from the previous studies that there is no exact or complete solution to analyze the 

performance of the upstream impervious blanket. Also, the free surface location behind the blanket 

is not accounted for, although it is only the determiner parameter to evaluate the pore water pressure. 

Therefore, it is urgent to establish a complete analytical solution to estimate the seepage 

characteristics, seepage discharge, head loss, and location of the free surface. In the present work, a 

closed-form solution is presented to define the above seepage parameters. 
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Definition of the studied problem   

2. The statement of the current study is to develop an analytical solution for analyzing the effect of the 

upstream impervious blanket when used to control the seepage through earth dams resting on a deep 

pervious foundation. For this purpose, the main parameters involved in the present problem are defined 

considering a physical model for an earth dam based on a pervious foundation of depth (T) and 

provided with an upstream impervious blanket, as shown in Fig. (1). The dam embankment has a 

height (Hd), top width (b), base width (B), and slope factors 𝑚1 = 𝑐𝑜𝑡𝛼  and  𝑚2 = 𝑐𝑜𝑡𝛽  where 

𝛼 and 𝛽 are the angles of the embankment faces. The upstream impervious blanket has a length (Lb) 

and thickness (tb). The blanket is connected to a thin core and extends upstream the dam to a distance 

(Xb). A vertical cutoff of depth (S) is fixed to the blanket at its connection with the core to increase its 

effectiveness. (h1) and (h2) are the head and tailwater depths, while (h3) is the height of the seepage 

surface. The head loss due to the blanket is (∆𝐻), and (hf) is the height of the free surface at any 

fractional distance (Xf) from the point of the origin (O).  

3.  

4. Figure (1) Definition sketch for the studied problem   

Analytical solution 

First of all, some assumptions must be made to facilitate the solution; (i) The embankment and 

foundation are of homogeneous soil, having the same conductivity coefficient (ks), (ii) Effect of 

thickness of both core and blanket is neglected since it is too small compared to the seepage field 

dimensions, and (iii) The height of the seepage surface (h3) is not considered because the free surface 

is flatter compared to the case without a blanket. Considering a complete impervious blanket of 

conductivity coefficient kp = 0.0, the blanket with the cutoff act as a solid floor with a sheet pile for a 

hydraulic gravity structure, overlying a pervious layer of depth (T). As shown in Fig. (1), the seepage 

field is divided into two zones: (I) and (II). Zone (I) of a length (Lb) is equipped by confined seepage, 

while in Zone (II) of length (L), unconfined seepage occurs. The two types of seepage are, 

simultaneously take place in the same seepage domain.  
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Confined seepage. The seepage flow below the impervious blanket of length (Lb) and provided with 

cutoff with depth (S) typically presents the confined seepage problem, under a floor of a hydraulic 

gravity structure, due to an effective head (𝑯) [8], Pavlovsky's solution (1956) can be used to define 

the seepage discharge for this case due to the effective head (∆𝑯), where 
 

𝑞𝑐 = 𝐾𝑠 ∆𝐻
 
𝐾′

 𝐾
 ,     (1) 

5. where, Ks is the conductivity coefficient for the foundation soil, H is the effective head, and K', K are 

the constants of the complete elliptic integral of the first kind. Values of K'/K can be found from special 

tables [9], as a function of the modulus (m), where, 

𝑚 = cos(
𝜋

2

𝑆

𝑇
)√𝑡𝑎𝑛ℎ2 (

𝜋

2
 
𝐿𝑏
𝑇
) + 𝑡𝑎𝑛2 (

𝜋

2

𝑆

𝑇
)    ,   (2) 

 

        ∆𝐻 = (𝑇 + ℎ1) − 𝐻𝑜,             and 

𝐻𝑜 is the maximum height of the free surface, just behind the core, at point of origin (O). 

Substituting for ∆𝐻 in Eq. (1), yields 
 

𝑞𝑐 = 𝐾𝑠(𝑇 + ℎ1 − 𝐻𝑜)
𝐾′

 𝐾
  ,    (3) 

 

Unconfined seepage. Considering a two-dimensional flow on a horizontal impervious boundary and 

satisfying Depuit assumption, the seepage discharge, using Darcy's law, is 
 

𝑞𝑢 =
𝐾𝑠
2𝐿
[𝐻1

2 − 𝐻2
2], (4) 

6.  

7. where; 𝐻1 and 𝐻2 are the elevations of two points on the free surface, with distance (L) in between. 

8. Applying Eq. (4) on the unconfined seepage, in the zone (II), where 𝐻1 = 𝐻𝑜 ,  and 𝐻2 = 𝑇 + ℎ2, the 

seepage discharge, (𝑞𝑢) is 

𝑞𝑢 =
𝐾𝑠
2𝐿
[𝐻𝑜

2 − (𝑇 + ℎ2)
2], 𝑎𝑛𝑑 .                                                                               (5) 

𝐿 =
𝑏

2
+𝑚2 (  𝐻𝑑 − ℎ2)                                                                               

(6) 

 

Correlation between confined and unconfined seepage. For a steady seepage condition, the 

discharge of both confined and unconfined seepage is the same, then 𝑞𝑐 = 𝑞𝑢 = 𝑞. Thus, equating 

the right-hand sides of Eqs. (3) and (5) gives 
 

       𝐾𝑠(𝑇 + ℎ1 − 𝐻𝑜)
𝐾′

 𝐾
 =  

𝐾𝑠

2𝐿
[𝐻𝑜

2 − (𝑇 + ℎ2)
2] , Then 

 

𝐻𝑜
2 + 2 𝐿 𝐻𝑜

𝐾′

 𝐾
= (𝑇 + ℎ2)

2 + 2 𝐿(𝑇 + ℎ1)
𝐾′

 𝐾
 , (7) 

 

9. Adding the term (L
𝐾′

 𝐾
)2 to each side of Eq. (21), and rearranging yields 

10.  
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𝐻𝑜 = √(𝑇 + ℎ2)2 + 2 𝐿(𝑇 + ℎ1)
𝐾′

 𝐾
+ (𝐿

𝐾′

 𝐾
)
2

− (𝐿
𝐾′

 𝐾
),                                 (8) 

 

11. Once the value of (𝐻𝑜) is found, the seepage discharge can be calculated using Eq. (3) or Eq. (5). The 

height of the free surface (hf) at any fractional distance (Xf) can be found using Eq. (5), but in the form, 

ℎ𝑓 = √𝐻𝑜
2 −

2𝑞

𝐾𝑠
 𝑋𝑓 − (𝑇),                                   (9) 

12.   

13. The effectiveness of the upstream impervious blanket is evaluated by defining the percentage reduction 

in the seepage discharge (∆𝑞%). The seepage discharge(𝑞𝑜), for the case of earth dam without a 

blanket (reference case) can be found using Nedrigy solution (1983) [10]. If q is the discharge in the 

case of the dam with a blanket, then the percentage seepage reduction ∆𝑞% is, 

14.  

∆𝑞% = 
𝑞𝑜 − 𝑞

𝑞𝑜
 × 100,                                  (10) 

Applications of the analytical solution 

15. Based on Eq. (2), the presented analytical solution can be applied considering three cases; (i) blanket 

without cutoff, (ii) blanket with cutoff, and (iii) cutoff without a blanket. In all cases, both the 

maximum height of the free surface (Ho) and the seepage discharge (q) are estimated using Eqs. (8) 

and (3), respectively. 

Blanket without cutoff. This case is the most existed in practice. To satisfy such a case, substitute 

for S = 0.0 in Eq. (2), yields, 
 

𝑚 = 𝑡𝑎𝑛ℎ (
𝜋

2
 
𝐿𝑏
𝑇
).                                                                                                                               (11) 

 
16.  

Blanket with cutoff. In this case, the blanket has a cutoff with depth (s), for which Eq. (2) is valid to 

find the value of the modules (m). 

Cutoff without a blanket. Substituting for the blanket length Lb= 0.0, in Eq. (2), the modules (m) 

becomes,  
 

𝑚 = Sin(
𝜋

2

𝑆

𝑇
),                                                                                                                              (12) 

 

17. In this case, the cutoff is vertically joined to the core, which is out of scope in the present study. 

Case study (Shiwashok dam) 

18. As a case study, the established analytical solution was applied to the Shiwashok earth dam. Shiwashok 

earth dam is proposed for construction in Iraq's Kurdistan region. However, because of the economic 

downturn, the dam had not yet been completed. Concerning the data reported [5], the dam cross-section 

is as given in Fig. (2). The final proposed design of the Shiwashok dam did not include a clay blanket. 

Therefore, in the present study, a blanket with cutoff is suggested to control the seepage flow through 
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the foundation below the dam. In the following analyses, two cases will be considered; (i) blanket 

without cutoff, and (ii) blanket with cutoff at its connection with the core. 

19.  

 
Fig. (2) Section through Shiwashok dam, [5] 

Blanket without cutoff. Using values of the dam base B = 135 m and H= 20m in Eqs. (11) and (12), 

the effect of the blanket length (Lb) on the relative values of both seepage discharge (q/KsH) and the 

loss of head (∆H/H) is analyzed considering the foundation depth T=25m. Different relative values 

of the blanket length (Lb/B) = 0.50, 1.00, 1.50, 2.00 are used to declare the effect of blanket length, 

as shown in Fig. (3). The seepage discharge is rapidly decreased up to Lb/B= 0.75, followed by a 

slight decrease up to Lb/B= 1.50, after which a poor effect is found. Thus, the effective length of the 

blanket is then equal to five times the head H, which agrees well with the numerical solution [5]. 

Regarding the relative head loss (∆H/H) effect, the same result is found where the head loss 

significantly increases up to Lb/B= 0.75, beyond which a slight increase exists. 
 

   

Fig. (3) Effect of relative blanket length (Lb/B) on (a) relative discharge (q/KsH), and (b) loss of head 

(∆H/H) for T=25m 
20.  

 

Considering Shiwashok earth dam, a comparison is conducted between the current solution's results 

and those obtained analytically and numerically by [5,7], as shown in Fig (4). It is seen that a more 

reduction in the seepage discharge is obtained using the present solution refers to the effect blanket 

conductivity, which is assumed to be zero. On the other hand, a good agreement exists between the 

current solution and the numerical one presented by [5] within the range of Lb/B= 5 H. 
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Fig. (4) Comparison of the present analytical solution with; (a) solution of [7] and (b) 

numerical solution presented by [5] 

 

Blanket with cutoff. Using a relative blanket length Lb/B= 0.75, the relative cutoff depth (S/T) effect, 

on both seepage discharge and head loss, is tested for a relative cutoff depth S/T= 0.1 ~ 0.8, as shown 

Fig. (4). It is seen that the seepage discharge decreases while the head loss increases but with a very 

small rate (2.0%) for both. Thus, the cutoff nearly does not affect the small depth of foundation, 

T=25m, which presents 0.186 of the dam base width. In fact, for deeper foundation depth, T = 50, 75, 

100, and 150m, the cutoff depth has a significant effect, as shown in Fig. (5). The poor effect of the 

cutoff in shallow foundation depth is referred to that the seepage flow field simulates flow in a long 

pipe, in which local losses due to cutoff is too small compared to length losses caused by the blanket. 

For long pipes with a small diameter, the local losses are too small compared to friction losses.  

 

 
Fig. (5) Effect of the relative cutoff depth (S/T) for blanket length (Lb/B) = 0.75 on; 

(a) relative discharge (q/KsH), and   (b) Relative loss of head (∆H/H).  

Conclusions 

    As a result of the above analyses, the obtained conclusions are given below. 

1- A new analytical solution is developed for seepage through an earth dam controlled by an 

upstream impervious blanket with a vertical cutoff. 

2- Applying such a solution, one can get the values of seepage discharge, loss of head, and 

location of the free surface. 

3- For the Shiwashok dam, the cutoff has a negligible effect due to the shallow foundation depth. 

However, the cutoff significantly addresses more impacts for deeper foundation, where the 

foundation depth T ≥ 0.50 of dam base width (B). 
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Abstract. A side weir is a hydraulic structure that diverts water from the main channel to a side one. 

It is widely used in irrigation engineering, sewer networks, and flood protection.  Previous research 

had focused on flow over side weirs with a rectangular shape, and a little attention was paid to side 

weirs with a triangular shape. Side weirs with a parabolic shape, on the other hand, had never been 

addressed before. As a result, the current paper focuses on analyzing flow characteristics over side 

weirs with parabolic shape, discharge coefficient, and discharge ratios. The experiments are carried 

out on two types of weirs: broad and sharp-crested side weir with three parabolic parameters. The 

main channel Froude number, parabola's parameter, and weir length are the main parameters 

influencing flow characteristics. The study's findings are represented graphically in the form of charts 

and formulae with no dimensions. 

Introduction 

A side weir is an open, formed in the side of the main channel, to divert or spill part of the main flow 

into the side channel when rises above the crest level. Side weirs are widely used in many practical 

situations; (ⅰ) irrigation and drainage networks to control, and regulate both discharges and levels, 

distribute irrigation water on branches and distributaries, escape excess discharges of the main canals 

at the intermediate escapes and spill river floods at dam spillways, (ⅱ) stormwater overflow from 

urban sewage systems, and (ⅲ) water plants as discharge measurement devices. 

The side weir open may have, rectangular, triangular, or trapezoidal shape with a sharp or broad crest. 

The hydraulic characteristics of flow over rectangular side weirs, discharge coefficient, and surface 

water profile along the weir open, had been extensively investigated in the previous studies) [1, 2, 3, 

4, 5, 6, 7, 8],  and with a little extent for triangular and trapezoidal shapes [9, 10, 11, 12, 13, 14, 15]. 

In contrast, side weirs with parabolic shape had not been dealt with in the previous works. Therefore, 

the present paper is intended to study the flow characteristics over parabolic side weirs with a sharp 

or broad crest, as shown in Fig. (1). An experimental study is conducted to study the influence of 

various parameters on the discharge coefficient and relative side weir discharge 

Theoretical approach 

Flow over side weirs is a typical example for spatially-varied flow with decreasing discharge 

expressed by the following equation,  

  𝑑𝑦 𝑑𝑥⁄ =  (𝑆𝑜 − 𝑆𝑓 − (
𝑑𝑄

𝑑𝑥
) (𝛼 (

𝑄

𝑔𝐴2
))) (1 − (𝛼

𝑄2𝑇

𝑔𝐴3
))⁄ ,   (1) 

Concerning Fig. (1), y represents the depth of flow at any section, x represents the distance along the 

side weir between sections 1 and 2, g is the gravity acceleration, and dy/ dx represents the water 
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surface slope. For the main channel, So is the bed slope, Q is the discharge, Sf is the friction slope, α 

is the kinetic energy correction factor, and A is the cross-sectional area. For the side weir, -dQ⁄dx is 

the discharge per unit length over the side weir, and T is the top width of the flow. 

 

 
Fig. (1) Definition sketch for flow over Parabolic side weir 

 

Assuming that both the main and the side channels are rectangular sections and prismatic, therefore  

α =1, and 𝑆𝑜 − 𝑆𝑓 = 0, Eq (1) is simplified as 

 

  𝑑𝑦 𝑑𝑥⁄ =  (𝑄 𝑦 (−
𝑑𝑄

𝑑𝑥
)) (𝑔 𝐵𝑜

2 𝑦3 − 𝑄2)⁄  , (2) 

Where 𝐵𝑜 is the main channel width. The discharge equation for a side weir with a parabolic shape 

per unit length is 

 

− 𝑑𝑄 𝑑𝑥⁄ =  (
𝜋

2√2
 𝐶𝑑  √2𝑔  √𝑃 (𝑦 − 𝑠)

2) (2√2 √𝑃 (𝑦 − 𝑠)0.5)⁄  =
𝜋

8
 𝐶𝑑  √2𝑔 (𝑦 − 𝑠)

1.5,                 (3) 

Where 𝐶𝑑 is the discharge coefficient, P is the parameter of the parabola, and S is crest height. 

Assuming that the specific energy, E is constant along the length of the side weir, the discharge in the 

main channel is given by 

 

  𝑄 = 𝐵𝑜 𝑦 √2𝑔(𝐸 − 𝑦)                                                                                                                    (4) 

From the system of equations (2) through (4) 

 

𝑑𝑥 =
4 𝐵𝑜

𝜋 𝐶𝑑
 ((3𝑦 − 2𝐸) √(𝐸 − 𝑦) (𝑦 − 𝑠)3⁄ ) 𝑑𝑦                                                                                                                           (5) 

Integrating between section 1 and 2 yields, 

  𝐶𝑑 =
8 𝐵𝑜

𝜋 𝑥
 (𝜙2 − 𝜙1),       and                                                                                                           

(6) 
 

  𝜙𝑖 =
2𝐸−3𝑆

𝐸−𝑆
 √

𝐸−𝑦𝑖

𝑦𝑖−𝑆
− 3 sin−1√

𝐸−𝑦𝑖

𝐸−𝑆
                

(7) 
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Equations (7) is the varied flow function for flow over side weirs, while yi denotes depths y1 or y2. 

Using the measured value of flow depths y1,  y2, crest height S, and the distance x, the discharge 

coefficient Cd can be defined. 

Main parameters 

Considering the parabolic side weir with a broad crest, the parameters affecting the discharge 

coefficient 𝑪𝒅𝒃 are expressed as 

 

  𝐶𝑑𝑏 = 𝑓1(𝑔, 𝜌, 𝑉0, 𝐻, 𝐿, 𝑃, 𝐵),                                                                                                                            (8) 

where Vo is the average velocity in the main channel, H is the head over the side weir, B is the side 

channel width, and L is the side weir length. Applying the dimensional analysis technique (π – 

theorem), Eq (8) becomes; 

 

  𝐶𝑑𝑏 = 𝑓 (𝐹𝑜 ,
𝑃

𝐵
,
𝐻

𝐿
),                                                                                                                            (9) 

 

and for the parabolic side weir with a sharp crest 𝐶𝑑𝑠 is 

 

  𝐶𝑑𝑠 = 𝑓 (𝐹𝑜 ,
𝑃

𝐵
)                                                                                                                                (10) 

Experimental study 

The experiments are conducted in the Hydraulic Laboratory, Faculty of Engineering, Alexandria 

University. The experimental setup is represented schematically in Fig. (2). The main channel has 9.0 

m long, 0.4 m wide, 0.6 deep, and zero bed slope. The side channel has 1.0 m long, 0.4 m wide (B), 

and 0.6 m deep. The models of both sharp and broad crested parabolic weirs were fabricated from 

coated wood. Three models, for both types, having a crest height S = 3.0 cm and parabola’s parameter 

P = 5, 7.5, and 10 cm. 
 

 
Fig. (2) Definition sketch for Experimental Set-up                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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A 90° V-notch sharp-edged weir is installed upstream of the main channel for the discharge 

measurements, while a rectangular sharp-edged weir is located at the end of the main channel 

extension. A tailgate adjusts the flow depth in the main channel. For a given side weir model, flow 

depth in the main channel 𝒚𝒐 as well as 𝒚𝟏 and 𝒚𝟐 and distance x, between section (1) and (2), in 

addition to the main and branch channel discharges, are measured. The above measurements are 

reported for various values of the main channel Froude number 𝑭𝒐. Table (1) illustrate the details of 

the tested models and ranges of the flow parameters.  

 

Table (1) Tested model dimensions and ranges of flow parameters 

Type 

of weir 

Parameter 

of 

parabolic, 

P cm 

Relative 

parabola‘s 

parameter 

P/B 

Crested 

length L, cm 

Crest 

height S, 

cm 

Discharges 
Froude 

number 

𝐹𝑜 
Qo,  𝐿/𝑠 Qs, 𝐿/𝑠 

Broad-

crested 
5.0 

7.5 

10 

0.125 

0.1875 

0.25 

60 

3.0 

3.64 - 31.33 
0.67- 

4.11 

0.2 - 

0.55 

Sharp-

crested 

- 
3.84 - 23.32 0.9 - 0.29 0.2 - 0.5 

Results analysis 

The main objective of the present study is to define the discharge coefficient 𝐶𝑑  and the side-

discharge ratio 𝑄𝑠 𝑄𝑜⁄  for the parabolic side weir, either broad or sharp-crested one. The measured 

values of 𝑄𝑜 , 𝑄𝑠 , 𝑦1 , 𝑦2 and x are used to calculate 𝐶𝑑 from Eqs (6) and (7) for both weirs (𝐶𝑑𝑏) 

and (𝐶𝑑𝑠). 

Parabolic broad-crested side weir. Referring to the relation (9), the coefficient 𝐶𝑑𝑏 is a function of 

𝐹𝑜 , 𝑃 𝐵⁄  and 𝐻 𝐿⁄ . Therefore, the calculated values of 𝐶𝑑𝑏 are plotted against such parameters, as 

illustrated in Figs. (3) and (4). It is obvious that the coefficient 𝐶𝑑𝑏 increases by increasing the relative 

parameter of the parabola 𝑃 𝐵⁄  while it decreases due to increasing 𝐹𝑜 and 𝐻 𝐿⁄  for all values of 𝑃 𝐵⁄ . 

On the other hand, the side-discharge ratio (𝑄𝑠 𝑄𝑜⁄ )𝑏 increases  with increasing 𝑃 𝐵⁄  and decreases 

when 𝐹o increases, as shown in Fig.(5). The discharge coefficient ratio C = 𝐶𝑑𝑏 𝐶𝑑𝑠⁄  is plotted against 

𝐻 𝐿⁄  as shown in Fig. (6). 

Parabolic sharp-crested side weir. The discharge coefficient 𝐶𝑑𝑠  is affected by 𝐹𝑜  and 𝑃 𝐵⁄  as 

expressed by the relation (10). The discharge coefficient 𝐶𝑑𝑠 has the same trend that for the broad 

crested weir. 𝐶𝑑𝑠 increases due to increasing 𝑃 𝐵⁄  and decreases when 𝐹𝑜, increases as given in Fig. 

(7). The side discharge ratio (𝑄𝑠 𝑄𝑜⁄ )𝑠  increases by increasing 𝑃 𝐵⁄  while it decreases with 

increasing Fo, as presented in Fig. (8). 

It is useful to formulate values of both 𝐶𝑑𝑏 , 𝐶𝑑𝑠 and 𝑄𝑠 𝑄𝑜⁄  as a function of the main parameters, in 

dimensionless relationships. Applying the nonlinear regression analysis technique, a dimensionless 

formula for both 𝐶𝑑, and 𝑄𝑠 𝑄𝑜⁄  are developed in the forms. 

 

  𝐶𝑑𝑏 = −0.317𝐹𝑜 − 0.32
𝐻

𝐿
+ 0.54

𝑃

𝐵
+ 0.51,                     𝑅2 = 0.99 (11) 

  (𝑄𝑠 𝑄𝑜⁄ )𝑏 = −0.20 𝐹𝑜 + 0.55 
𝑃

𝐵
+ 0.14, 𝑅2 = 0.97 (12) 

  𝐶 = 0.8 + 0.1
𝐻

𝐿
 ,                                                                        𝑅2 = 0.99 (13) 

  𝐶𝑑𝑠 = −0.48𝐹𝑜 + 0.717
𝑃

𝐵
+ 0.627,          𝑎𝑛𝑑 𝑅2 = 0.99 (14) 
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(𝑄𝑠 𝑄𝑜⁄ )𝑠 = −0.30 𝐹𝑜 + 0.73 
𝑃

𝐵
+ 0.175                           𝑅2 = 0.98 (15) 

   

Fig. (3) Variation of Cdb with Fo 

for broad-crested                                                                                                                   
Fig. (4)Variation of Cdb with H/L for 

broad-crested 
                                                                                                                   

Fig. (5) Variation of (Qs/Qo)b with Fo 

for broad-crested                                                                                                                                                                 
Fig. (6) Variation of C with H/L 

for broad-crested    
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Fig. (7) Variation of CS with Fo  for 
sharp-crested                              

Fig. (8) Variation of (Qs /Qo)S with Fo for 
sharp-crested  

 

Conclusions 

The effect of the main parameters on the discharge coefficient and the side-discharge ratio for the 

parabolic side weirs with sharp and broad-crested ones are analyzed. The discharge coefficient either 

with broad or sharp crest and the side-discharge increases due to increasing the parameter of parabola 

while it decreases when the main flow Froude number and the crest length increase. As a result, the 

discharge coefficient, as well as the side-discharge ratios, are correlated to such parameters and 

expressed in dimensionless formulas 
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Abstract. Multiaquifer wells, that are open across more than one aquifer, can have a great effect on 

the hydraulics of groundwater system. These wells change the physical system by establishing direct 

links between otherwise isolated strata. Several methods are available to simulate multiaquifer Wells.. 

In this paper an experimental study is used using Hele-Shaw model to represent multiaquifer wells. 

Four groups of experiments are formed to find effect of piezometric heads (H) and aquifer 

permeability (k) on measured well discharge (Q) due to abstraction. First group are carried out for a 

well penetrating a single confined aquifer that is easily solved using Dupuit equation in order to 

calibrate the model before running the experimental testes. Second group is performed for a well 

penetrating a two confined aquifers in order to verify the model accuracy by comparing results with 

Sokol equation. Third group is carried out for a well penetrating a two confined aquifers. Forth group 

is done for a multiple well system forming a square with a well in the center and fed from two confined 

aquifers. It is concluded that Dupuit equation is agree very well with the experimental results for a 

well fully penetrating a confined aquifer and not recommended to be applied for a combined aquifer 

system. Permeability of aquifer plays an important role for increasing well discharge. Results are 

presented in graphical forms using dimensionless parameters to determine the well discharge for 

different values of piezometric head and water depth in well (hw). 

Introduction 

Horizontal Hele-Shaw model is among the most widely used wet models in studies of groundwater 

flow. It consists of a viscous liquid flow in the laminar range, located between two closely spaced 

parallel plates. The interspace between the plates represents the aquifer. An important feature of Hele-

Shaw model is that the plate spacing is related to conductivity. The viscous liquid imitates the ground 

water. Withdrawing groundwater can be simulated by extracting specific amount of fluid at the 

required position. Flow towards wells was analytically studied in different ways of approach. Some 

analytical solutions were presented by Dupuit[1], , Harr [2],and Sokol [3]. Many pervious researches 

have demonstrated the versatility of the Hele-Shaw model to simulate groundwater flow problems 

such as Marino(1967) [4], and Rezk and Moghazi (1995) [5], (1966) [6].The history of the well 

hydraulics and well testing started in 1863 with Dupuit , who developed the first analytical solution 

to model radial flow to a well in steady state. The hydraulic gradient is equal to the slope of the free 

surface and is invariant with depth Darcy's law. Thus  

      Vr = −K
dh

dr
                                                                                                                                                  (1)                                     

and the well discharge Q 

      Q = 2π r h k
dh

dr
                                                                                                                                           (2)                                         

Integration for the boundary conditions at the well for confined aquifer. 

      Q = 2 π K b
HO−hw

ln(
Ro
rw
)
                                                                                                                                     (3)                                    

And for unconfined aquifer 
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      Q =  π K 
HO

2−hw
2

ln(
Ro
rw
)
                                                                                                                                       (4)   

In 1962, M . E . Harr derived relationship about interference among wells. He indicated from his 

observations that, when a number of wells are introduced within a feed contour, the output increases, 

but the efficiency of each additional well decreases. This effect is due to the so-called interference 

among wells.  

Daniel sokol in 1963 showed that The water level in a no pumping well perforated in more than one 

artesian aquifer is affected by each aquifer in proportion to the transmissibility of that aquifer. The 

ratio of the water-level fluctuation in a well to the potentiometric-surface fluctuation in an aquifer 

perforated by that well is equal to the ratio of transmissibility of the aquifer in which the fluctuation 

occurs to the total transmissibility's of all aquifers perforated by the well. He derived the following 

formula: 
∆hw
∆H1

=
T1

∑ Ti
n
i=1

                                                                                                                                           (5) 

Description of the experimental model 

Fig. (1-a) shows the outlines dimensions of the model. Fig. (1-b) illustrates a schematic diagram of 

the horizontal Hele-Shaw model used to simulate the problem. It consists of three Perspex cylinders 

(10 mm thick) at base (1) to represent radial flow towards the well, closed at the bottom and have 

inner diameters of 30,50 and 70 cm. The outer radius of the inner cylinder represents the well radius 

of influence Ro, while the middle and outer cylinder represents a constant head reservoir to represent 

the original piezometric head of the two aquifer H1,H2 respectively. They have a height of 20 cm. The 

big cylinder is amounted on a horizontal steel table (2) and the upper face of its bottom is considered 

as a datum for all head measurements during the tests. The middle cylinder is placed inside the big 

one and a narrow spacing between the bottoms of the two cylinders is kept constant with the aid of 

individually fiber washers (0.102 cm thick. Each). This space simulates the thickness of the lower 

aquifer (a2) (layer II), which can be increased by adding more washers. The vertical space between 

the outer and the middle cylinders simulates a reservoir that feeds layer II (the lower aquifer) under a 

piezometric head H2. The small cylinder is placed inside the middle cylinder, making sure that the 

vertical axes of the three cylinders are the same. The spacing between the bottoms of the inner and 

middle cylinders is also kept constant with fiber washers to simulate the upper aquifer thickness (a1) 

(layer I). The vertical space between the inner and middle cylinders simulate also another reservoir 

that feeds layer I (the upper aquifer) under a piezometric head H1.The bottoms of the three cylinders 

are fixed together with brass bolts, equally distributed all over the bottom's areas of the three 

cylinders. In order to simulates the wells, five holes of 10 mm diameters are made in the three 

cylinder's bottom. Four of these holes are forming a square pattern of side width 14 cm and wells 

locate at the square corners, while the fifth one is made in the center of the square, as shown in Fig. 

(1-c). The four holes are symmetrical and located at 10 cm from the centric well. Five glass tubes (10 

mm diameter) are fixed into these holes to represent the multiple well systems (3). Discharge tubes 

(4) are fitted to the bottom of the holes in the outer cylinder and opposite to the wells. A viscous oil 

(supper 7500-20W/50) (5) is used to simulate the ground water flow. The collected oil from well can 

be controlled by a control discharge valve (6). The rate of well discharge Q is measured by collecting 

an amount of oil in a graduated tube (7) in a certain time. The corresponding oil depth in the well hw 

and temperature are recorded. An over flow pipe (8) is provided to each reservoir to maintain the 

desired piezmetric head during the tests. A small centrifugal pump(9) is used to lift oil from a 

collection tank(10) to an elevated tank(11) through a delivery tube (12),which in turn feeds the two 

reservoirs through a feeder tube (13) using a control valve (14). To facilitate the reading of data, 

vertical strips of millimeter papers are placed on the outer cylinder, the middle cylinder and the well. 

In order to observe any change in the piezometric heads during experiments, Three piezometer tubes 

(15) are fixed into the inner cylinder's bottom , in one line with the centric well and passing in the 
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mid distance between wells 3 and 4. They are fixed at distance 2.50 , 7.50 and 12.50 cms from the 

centric well axis. Temperature is measured in each experiment. 

    
Fig.(1-a) Plan of the Hele-Shaw                                                  Fig.(1-c)  Dimensions in (m)of the Hele-Shaw                                                 

 

 

1. Cylinder tanks 

2. Steel base 

3. Glass tube 

4. Discharge tube   

5. Viscous oil 

6. Control discharge valve 

7. Graduated tube    

8. Over flow tube 

9. Centrifugal pump 

10. Collected tank 

11. Main supply tank 

12. Delivery tube 

13. Feeder tube 

14. Control valve 

15. Piezometers 

Fig. (1-b) Experimental Hele-Shaw Model. 

Procedure of the experimental work 

First group of experiments are carried out for a well penetrating a single confined aquifer that is easily 

solved using Dupuit (Eq. 3) in order to calibrate the model before running the experimental testes. 

The first test is carried out by considering the thickness of the aquifer a1=0.102 cm, the radius of 

influence Ro=15 cm and the piezometric head of the aquifer Ho=10 cm. The second test is carried out 

for the same aquifer thickness a1=0.102 cm, the radius of influence Ro=25 cm and the head of the 

aquifer Ho= 10 cm. The third test is carried out by considering the thickness of the aquifer a1=0.204 

cm, the radius of influence Ro=15 cm and the piezometric head of the aquifer Ho=10cm. The forth 
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test is carried out by considering the thickness of the aquifer a1=0.204 cm, the radius of influence 

Ro=25 cm and the piezometric head of the aquifer Ho= 10 cm.  

Second group of experiments are carried for a well penetrating a two confined aquifers in order to 

verify the model accuracy by comparing results with Sokol (Eq.5). Three sets of tests are carried out 

for k1/k2 =0.5,1.0 and 2 without discharging from well.  

Third group of experiments are carried out for a well penetrating a two confined aquifers in order to 

demonstrate the effect of the piezometric head and permeability of each aquifer on the measured well 

discharge. Three sets of tests are carried out for k1/k2=0.5,1.0 and 2.  

Forth group of experiments are carried out for an artesian multiple well systems. Six complete tests 

are made for well diameter 1.0 cm. The centric well denoted with No.5 while the other four wells by 

the numbers 1,2,3 and 4. All experiments are operated at a fixed value of the difference head ∆H=15 

cm, and for well diameters 1.0 cm. Discharge is measured in case of operating wells No. (5), (1), 

(1&3), (1,3&5), (1,2,3&4),and(1,2,3,4&5).  

Analysis and discussions of results 

A horizontal Hele-Shaw model is developed firstly to solve problem of steady radial flow to artesian 

well in order to verify its efficiency to handle horizontal flow problems. For the case of abstracting 

from well 5 only which penetrating a confined aquifer, comparison between the measured and the 

calculated well discharge Q, based on Dupuit Eq, is done. For a constant value of the piezometric 

head (Ho); the relation between the relative measured well discharge (Q / K ao Ho) and relative 

drawdown in the well (Ho - hw)/Ho) is drawn as shown in Fig.2, For Ho= 10 cm, Ro=15,25 cm, and 

ao=0.102 cm after that for H0= 10 , RO=15,25 cm and ao=0.20 cm. Experimental results agree very 

well with those obtained by the Dupuit equation in case of increasing aquifer thickness (a1),well radius 

of influence (Ro),and height of the original piezometric surface above the impervious stratum (Ho) 

where when a1 =0.20 cm, Ro=25 cm, and Ho=10cm gives more a gratifying agreement than when a1 

=0.102 cm, Ro=15 cm, and Ho=10cm  . 
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Fig. 2 comparison between experimental and theoretical results (Dupuit Eq). 

 

In the second test for a well penetrating a two confined aquifers in order to verify the model accuracy. 

Three sets of tests are carried out for k1/k2=0.50,1.0 and 2 respectively without abstracting from the 

well. In each set of tests, H1 is allowed to increase by an amount ∆H1 while H2 is kept constant. The 

corresponding fluctuation of oil level in the well ∆hw is, then, recorded. The above procedure is 

repeated by allowing H2 to increase by an amount ∆H2 while H1 is kept constant and the 

corresponding ∆hw are also recorded. Temperature is measured in each experiment. Results are 

compared with SOKOL(Eq.5). It may be noticed from Fig.(3) that the differences between both 

results are often very small and drop to nil in some cases.  

 

Fig.3 comparison between measured and calculated fluctuation of the well level by sokol. 

The model is thirdly used to demonstrate the effect of the piezometric head and permeability 

coefficient of each aquifer on the well discharge measured .Three sets of tests are carried out for 

k1/k2=0.50,1.0 and 2. During these tests, hw is kept constant at 5.2 cm and H1 is first kept constant 

while H2 is allowed to increase to get ∆H=H2-H1=3,5,8,11and 13 cm. Then H2 is kept constant and 

H1 is allowed to increase to get the same above values of ∆H. Fig. (4-a),(4-b),(4-c) show the 

relationship between relative discharge (Q/k a hw)and difference (∆H/hw) for k1/k2=0.50,1.0 and 2 

respectively. It may be noticed from Fig. (4-a) that at a certain value of ∆H and whenH2>H1 the well 

discharge is bigger compared to the corresponding case when H1>H2.Although the source of the upper 

aquifer (I) is closer to the well compared to the lower aquifer (II).Since the permeability of aquifer 

(II) is bigger than that of aquifer (I). Fig.(4-b) shows that at the same value of ∆H the difference H1-

H2 produces more well discharge compared to the difference H2-H1 although the permeability of both 

aquifers are equal. This is because the source of aquifer (I) is nearer to the well compared to the source 

of aquifer (II). Meanwhile when the permeability coefficient and the piezometric head of the upper 

aquifer is bigger than the corresponding values of the lower aquifer the inverse is occurred as shown 

in Fig.(4-c).  

  
Fig.(4-a) comparison between discharge.                                Fig.(4-b) comparison between discharge. 
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                                          Fig.(4-c) comparison between discharge. 

For the case of abstracting from an artesian multiple well systems. For single well No.5 which fed 

from multi aquifers, two sets of experiments for (H1>H2) and (H2>H1) are carried out for constant 

K1=K2, values of ∆H=15 cm, and dw=1.0 cm. comparison between the two sets of experiments are 

done, where the first set for H1-H2=15, is kept constant while (hw) is changed many times and the 

corresponding well discharge (Q) is measured. The second set is prepared for H2-H1=15 and the same 

procedure of the first set is followed. The first and second sets of experiments which are performed 

on well No.5 are repeated for wells No. 1, (1,3), (1,3,5), (1,2,3,4) and (1,2,3,4,5).Results are drawn 

as shown in Fig.5. It may be noticed from Fig.5 that at a certain value of (hw) and when H1>H2 the 

well discharge is bigger compared to the corresponding case when H2>H1. This is because the 

pizometric head of aquifer (I) is nearer to the well compared to the piezometric head of aquifer (II). 

 
Well(5) well (1) 

well(1,3) well(1,3&5) 

well(1,2,3&4) well(1,2,3,4&5) 
Fig.5 discharge from well (5),(1),(1,3),(1,3,5),(1,2,3,4)and(1,2,3,4,5). 

• Conclusions. The current study focuses on simulating the abstracting from artesian multiple 

well systems under different boundary conditions As a result, the main conclusions could be 

arranged as follows: 
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• The designed Hele-Shaw model showed an excellent accuracy with the result obtained by 

Sokol equation. 

• Permeability of aquifer plays an important role in increasing well discharge; however for two 

aquifers position of aquifer piezometric head is not contribute in increasing well discharge if 

one of them has less permeability.  

• For a constant equal permeabilities of the two aquifers I&II, and when aquifer I subjected to 

higher piezometric head than aquifer II, the discharge interring the well is bigger due to 

(H1>H2), this is because of existence piezometric head of aquifer No.I is nearer to the well 

than the piezometric head of aquifer No II.     
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Abstract. Since 2011, Egypt’s water security was sharply threatened when Ethiopia announced 

construction of the Grand Ethiopian Renaissance Dam (GERD). Ethiopia started filling the dam in 

2020, and the second filling is to take place July 2021. This action will have severe political, 

economic, social and environmental impacts on Egypt. The GERD is currently a matter of fact, it is 

not a questionable issue. In this paper, we will focus on the expected environmental damages on 

Egypt. The environmental impacts studied in this paper includes fresh water deficiency from current 

59.5 billion cubic meter (bcm), of which 55.5 bcm are from the Nile, leading to an annual ~ 600 m3 

of fresh water per capita, far below the global standard of 1000 m3. The associated impacts of water 

deficit include loss of agricultural lands, banning of growing some crops that are water-intense (like 

rice), increased salinization of agricultural lands in the Nile Delta and deficiency of hydropower 

production from the Aswan High Dam (AHD). Other concerns include long period droughts and the 

GERD refilling, especially if this happens immediately after the initial fill, and finally floods in case 

of destruction of the GERD and its consequences on Egypt. Some countermeasures for these problems 

are discussed and proposed to decrease the effects of filling and operation of the GERD. In 

conclusion, upstream countries have the right to invest in their water resources, but at the same time 

in a cooperative, no-harm policy, to decrease the possible negative effects on downstream countries. 

Introduction 

The Nile River. The Nile is the world’s longest river. It flows across 11 African countries. It has 

two main tributaries; 1) the Blue Nile with its origins in Ethiopia and that shares by 85% of the water 

that reaches the downstram countries (Sudan and Egypt), and 2) the Whit nile that originates from 

Lake Victoria and shares by the remainder 15%. The average water flow that reaches the downstream 

countries is approximately 84 billion cubic meters (bcm) annually [1].  

Egypt and the Nile. The Nile River Sharing Agreement between Egypt and Sudan, signed in 1959 

distributed the annual 84 bcm flow as 55.5 bcm to Egypt and 18.5 bcm to Sudan and 10 bcm are for 

evaporation. Egypt harvests about 2 bcm of fresh water from groundwater and another 2 bcm from 

rainfalls. This makes the total freshwater resources in Egypt reach 59.5 bcm. Egypt’s annual 

freshwater needs are 80 bcm, which means that Egypt already has a deficit of 20.5 bcm, even without 

taking into consideration the consequences of the GERD. This amount is compensated by re-using 

the agricultural water and treated sewage water [2]. the United Nations sets a water scarcity level of 

1000 m3 per capita annually. Currently, the per capita in Egypt is 600 m3 annually. Egypt’s population 

is expected to increase by 2% annually, and given that the share of Egypt’s from the freshwater is 

maintained constant, the problem will be very critical, as shown in Table 1. 

 

Table 1. Egypt population and the corresponding annual freshwater share per capita 

 

year 1960 1990 2020 2025 2030 

Population (million) 27 60 100 110 120 

m3 of water / capita 2200 1000 600 550 500 
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The GERD. After 2 months of the Egyptian 2011 revolution, Ethiopia announced that it will 

construct the GERD on the Blue Nile near the Ethiopian-Sudanese border, as shown in Fig. 1. The 

GERD reservoir will cover an area of approximately 1900 km2 (bigger than the area of London), and 

the water level at full supply is 640 m above sea level. The total storage capacity of the dam is 

approximately 74 bcm, which is equal to Egypt‘s and Sudan’s shares of the Nile River annually. The 

actual volume that will be needed to fill-up the basin may even reach up to 110 bcm if we account 

for the losses due to seepage and evaporation. Two hydroelectric power stations are installed at the 

right and left banks of the downstream river comprising of 16 Francis turbines that will grant a total 

installed power capacity of 6 GW (approximately three times that of AHD), and estimated yearly 

potential production of 15 GWh. The project costs were estimated by 5 billion USD. Upon 

completion, the GERD will become the largest hydropower dam in Africa [3-4]. The 2015 Agreement 

of Principles was signed in Khartoum between Egypt, Sudan and Ethiopia. Under this agreement, 

Egypt agreed to Ethiopia’s right to build the dam and gave legitimacy to the dam construction that it 

was denied before. The agreement just focused on resolving the dam’s technical framework. 

Negotiators among Ethiopia, Sudan, and Egypt on the design, initial filling, and long-term operation 

was ongoing, but no agreement has yet been reached [5].  

Ethiopia started filling the reservoir by ~ 5 bcm in July 2020 and announced that the full filling 

will take 3~5 years. Egypt demands that the filling process of the reservoir be not less than 7 years, 

and that its water share should not be less than 40 bcm annually during the filling phase. Egypt also 

demands that, storage must be only in the rainy season and stops in drought times [6]. In addition to 

the water deficiency, the GERD could adversely impact fish, aquatic plants, and biodiversity in the 

downstream due to possible changes in water temperature, salinity, and oxygen content. With a 

maximum reservoir area of 1904 km2, surface evaporation could increase. The aforementioned 

impacts could have transboundary ecological, agricultural, and health implications and, therefore, 

should be taken into consideration [7]. 

 

 
 

Fig. 1 Map showing the Nile River and the site of the GERD 
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GERD Impacts under Different Scenarios 

The published data on the GERD is very limited concerning key environmental factors. No 

Environmental Impact Assessment (EIA) was done (or if done, was not published), in violation of 

international laws. To assess the GERD impacts, we have to consider the following four different 

scenarios with several possibilities: 

Scenario (1): Impacts during the filling period of the GERD Reservoir. Ethiopia would like to 

fill the reservoir as quickly as possible to acheive its hydropower energy production (energy target 

policy). However, any fill rate must consider minimum water requirements for Egypt and Sudan 

(cooperation policy) [8]. According to [9], a five-year filling period of the GERD will force the AHD 

reservoir to reach its minimum water level by the fifth year. Reference [10] showed that a 100% fill 

rate policy (equivalent to complete filling of the GERD reservoir in 2.5 years) will result in a 55% 

reduction of water stream flow to Egypt. On the other hand, annual reservoir fill rates of 8–15% can 

be beneficial for hydroelectric power generation for Ethiopia with a minimal effect on stream flow to 

Egypt. Reference [11] showed that impounding 10% or 25% of streamflow will result in a 6% or 14% 

average reduction in streamflow into Egypt during the first 5 years, respectively. Reference [12] 

suggested that Egypt should apply an AHD drought management policy during the filling period 

together with an agreement with the Ethiopian side on a GERD-AHD safeguard policy to release 

additional amount of water from the GERD if the AHD reservoir elevation falls below a critical level. 

Authors of [13] used a multi-source satellite imagery technique using Google Earth Engine (GEE) to 

monitor the changes in water level during the first filling of the GERD reservoir from 9 July–30 

November 2020. The volume of water at GERD increased by 3.6 bcm, which accounts for about 5.3% 

of its planned capacity. Reference [14] estimated that GERD will worsen Egypt water budget from 

currently ~ 20 bcm to a total annual deficit between 26 to 38 bcm according to the GERD filling 

policy. 

Scenario (2): Normal operation after filling the reservoir. The primary use of the GERD will 

be the generation of hydroelectric power. Once the GERD reservoir is filled, the average release from 

the GERD will be equal to its average annual inflow. Operation may aim at representing the natural 

flow regime to a certain extent with peak flow during flood season (August) and lower flows in the 

dry season; if inflow and hence volume/water level are high, released discharges are also high; if 

reservoir volume is low, discharges and hydropower are reduced depending on the season. A non-

cooperative operation scenario (from the Ethiopian perspective) would only consider the optimization 

of the reservoir operation to maximize hydropower generation  [15]. 

Scenario (3): Operation during a severe multi-year drought. The third scenario will begin 

when a sequence of very low flows occurs in the Nile Basin. The probability, severity, and timing of 

specific sequences of low flows are unknowable, especially as climate change unfolds. For example, 

a severe multi-year drought might begin during or immediately after filling the GERD Reservoir, so 

it cannot be assumed that scenario (2) will precede scenario (3). In severe drought conditions, feelings 

about the loss of water security may become especially acute, which could lead to a water panic 

among irrigators and civil society in Egypt if people feel that they are unjustly denied access to water 

or if the burden falls disproportionately on poor, vulnerable farmers [16]. 

Scenario (4): Collapse (destruction) of the dam. A catastrophic event such as dam failure, 

caused by geological/foundation weakness (example: earthquakes), extreme storms, structural 

problems, old age, and terrorism or military attack etc., would lead to a major humanitarian disaster. 

the most important of which would be the huge amount of water trapped behind the GERD that would 

flow in the Blue Nile, which when combined with the water coming from the White Nile and smaller 

tributaries like Atbara, would collapse the Sudanese dams which would cause the sinking of 

Khartoum underwater at the level of 3 meters. After 18 days, the water would reach the High Dam in 

Egypt [17].  
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Consequences of GERD on Egypt’s Environment 

Besides their benefits of generating clean and cheap hydropower, maintaining steady flow of water 

along the year and protecting against floods and droughts, mega dams have also several negative 

impacts. These impacts include changes in the aqua fresh water living patterns, increased soil salinity 

after absence of natural frequent annual leaching of soil by flooding, overuses of chemical fertilizers 

and pesticides due to preventing of fine earth fertility particles by the dam and which causes 

contamination of groundwater, and increases the vulnerability of delta lands against climate change 

and the raise of the Mediterranean Sea level. The most significant effects that Egypt is trying to 

overcome are the destruction of agricultural farmland due to the reduction in the water share, seawater 

intrusion in the Nile Delta, increased land salinity, threats to the fisheries and reduction of Aswan 

High Dam capacity to produce hydroelectric power [18].  

Impacts on agricultural system. The GERD has a clear effect at the end of the irrigation network 

in the Egyptian Delta. The manifested effect is reducing the surface water level (SWL). As a remedial 

action, cultivating water-intensive crops (like rice) are being banned in some areas and limited in 

others. Changing the crop pattern through cultivating non-voracious crops will affect the groundwater 

(especially in the shallow aquifers where there will b no or very little recharge). The soil quality will 

also be damaged over time as a result of salt accumulation, no bleaching and the extensive use of 

fertilizers to compensate for the low soil fertility. A shortage of surface and groundwater, a decrease 

in soil quality, and reducing the area cultivated by economic crops (like rice and maize) could affect 

the Egyptian economy [19]. 

Impacts on groundwater. Groundwater faces 2 main problems: quantity and quality. In 2016, the 

estimated discharge from groundwater aquifer in the Nile Delta was about 7 bcm. In the Nile Delta, 

the groundwater extraction increases linearly by about 0.1 bcm / year. The use of groundwater in the 

Nile Delta is strongly linked to availability of Nile water and any shortage as a result of the GERD 

will be covered by drilling more of groundwater wells, whether legally or illegally. Many factors 

cause the quality deterioration of the groundwater aquifer in the Nile Delta including: agriculture 

fertilizers, pesticides, wastes, seawater intrusion and increased saline water due to aquifer over-

pumping [20].  

Impact on seawater intrusion on Nile Delta. Filling the reservoir of GERD in 3 years would 

reduce the annual average fow in the Nile River from 55.5 to 30.9 bcm. If the filling time is extended 

to 6 years, the average annual fow would be reduced to 43.2 bcm. The Nile River will be completely 

drained if the GERD is filled in 1 year as all the fow will be diverted to the reservoir of the GERD. 

Under natural conditions, a  delicate balance between freshwater bodies in coastal aquifers and 

seawater bodies is acheived. During the filling phase of the GERD, this balance will be affected and 

seawater will migrate through the bottom layers of the coastal aquifers causing the seawater intrusion 

problem [21]. 

Impact on hydropower generation from AHD. Reference [22] estimated that in a scenario of 

filling the GERD in seven years, Egypt will face a significant shortage in water quantity associated 

with a reduction of 20% to 30% of electricity production from the AHD. According to New & 

Renewable Energy Authority (NREA) in Egypt, the total electrical energy generated in Egypt during 

2019 (just before the COVID-19 crisis) was ~ 200 TWh. The share of hydropower in the electricity 

energy mix during the same year was 13 TWh (6.5%). The generating capacities in Egypt exceeds 58 

GW, with a maximum load of 32 GW. All hydropower generating capacities in Egypt represent only 

2.8 GW (4.8%) of the total generating capacities. This means that the hydropower energy can be 

completely omitted from the energy mix without much affecting the security of electrical energy in 

Egypt. The only concern is in fact environmental. This amount of electricity will most probably be 

compensated by adjusting the loading of the new Siemens combined cycle power plants with an 

equivalent CO2 emissions of approximately 7 Million Ton annually, based on an emission intensity 

of approximately 0.55 kg CO2/kWh [23].   
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Recommended Mitigation Actions 

Upstream countries have the right to invest in their water resources, but at the same time the   

possible negative effects on downstream countries must be considered. Since the beginning of GERD 

construction on the Blue Nile in 2011, no agreement has been reached between the Eastern Nile  

countries on the critical issues of dam capacity, initial flling policy, and dam operation [28].  

Egypt has to develop a plan that include firm and fast procedures including increasing the 

efficiency of water distribution by lining water canals to prevent water leakage in distribution system, 

switching from surface to drip irrigation, apply new irrigation systems that use sensors to track 

moisture levels in soil, shift to cultivating agricultural products which needs less water like grapes 

that can be exported while importing water-intensive crops like rice (importing virtual water), set a 

program for seawater desalination and another program for wastewater treatment and reuse. In [29], 

the authors suggested that Egypt can build or finance solar and wind power plants in Ethiopia and 

couple their intermittent variable operation with the operation of the GERD to decrease the power 

requirements from the GERD and allow sufficient amount of water flow to Egypt. 

Conclusions 

Egypt has to adapt strategies to face the expected reduction in Nile water supply, which, when 

combined with the existing ~ 20 bcm freswater deficit, may lead to severe consequences on the 

national security of Egypt concerning political, economical, social and environmental aspects of life. 

The main target now is to use all the possible tools, diplomatic relations and soft power to force the 

Ethiopian side to commit to a binding agreement concerning a fair, midterm filling interval (in the 

range of 7 years) that can acheive his energy targets of generating hydropower and in the mean time 

will cause minimum harm to the downstream countries. The agreement should include procedures for 

operating the GERD in cooperation with the downstream countries, especially during drought 

periods. All documents concerning the construction of the dam should be available to the scientific 

community so that risk of failure analysis can be assessed. Internally, Egypt has to develop a plan 

that include several procedures for rational utilization of freshwater, including efficient and modern 

agriculture methods, changing crop patterns, applying seawater desalination, wastewater treatment, 

utilizing groundwater and harvesting rainfall. In addition, firm procedures for water conservation 

among domestic users and land farmers should be applied. 
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Abstract: During Paris agreement, Egypt’s nationally contributed on carbon dioxide reduction to 1.5 

% by 2100 and since water distribution network release billions of pounds of CO2 every year in 

addition to the amount emitted in construction phase or pipeline repairing, thus pronounced interest 

is required for designing flexible, sustainable and least cost systems to cope with future challenges. 

The main purpose of this study is to find an optimum design of flexible water network among several 

alternatives via combining water network cost, carobn disoxide esmmisions resultant from  water 

network and flexibility too as objective functions to establish a multi-objective model.The model used 

in this research is integration between GA and EPANET software. Objective functions used in the 

model cares about optimization of total network cost, carbon dioxide emissions, meanwhile network’s 

flexibility is considered as a constraint. Three flexibilities metrics had been investigated in this 

research for efficient design of water network then the best flexibility metric is added to the model as 

an objective function. Three studies had been presented in this paper to tradeoff between flexibility, 

CO2 emissions and total. The developed model was tested, validated with  both of the results obtained 

from the literature for a simple & large water network for Suez in Egypt and the results were 

satsfacroily. This research helps scientists, water managers and decision makers for better 

understanding how to move towards for having sustainable and flexible infrastructure systems and 

put guidelines for reducing greenhouse gas emissions to comply with Paris agreement requirements. 

 

Keywords: water network design, flexibility, Genetic Algorithm, EPANET, carbon life cycle, 

tradeoff, Paris Agreement. 

1. Introduction 

 Water is considered to be a main resource for human kind survival. It can be used in irrigation 

purposes, cleaning activities, chemical industries as solvents, coolant, etc. According to the end usage, 

water requires to be stored, transported and treated till reaching to the end user. Water is treated in 

treatment plants where several chemical and physical procedures are made to purify it till be capable 

for using in drinking according to the regulations of the Environmental Impact Agency. Water 

distribution networks (WDNs) are the infrastructure that carry and transport water from the treatment 

plant to the end users. Any WDNs consists of the following components; reservoirs, pipes, pumps 

and valves.Mohan and Jinesh stated that among different components of WDNs pipelines that 

transport water from one point to customer are considered to be the main expenditure [1]. In addition 

to capital cost of WDN, there are huge operational costs such as, energy cost for water transportation 

water from certain place to other. Egypt’s nationally determined contributions to Paris agreement 

that’s targeted to reduce global warming as a first attempt 2°C till reaching 1.5°C by 2100.These 

actions can be done by strictly applying the environmental regulations besides cooperation with local 

resources. It was found that it’s possible to reduce carbon dioxide emissions by 20 % (i.e., 250 Mton 

CO2)  stated by Lamiaa Abdallah[2]. Several million tons of Carbon dioxide is emitted from water 

distribution system all over the world. In addition to the amount of CO2 emitted to the atmosphere 

during rehabilitation or construction new WDNs leading to making these infrastructures 

unfortunately polluting the environment and increase greenhouse gas effects. In this paper, several 

WDNs design alternatives are presented with taking into account cost reduction and reducing CO2 

emissions too [3]. Flexibility in WDNs design becomes essential after cascading terror attacks on 
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New York on September,11, hurricanes and earthquakes in Japan 2011.[4].The aim of this research 

is as follows; developing a multi-optimization model for WDNs for optimizing WDNs, trade-off 

between cost, emissions and flexibility and investigating the flexibility as a metrics for reliability and 

incorporate it as an objective function in model formulation. This can achieve by enhancing existing 

GA model and integrate it with EPANET then compare the result from the study with the previous 

one. 

2. Literature Review 

2.1. Optimization in WDNs 

2.1.1. Linear / Non-Linear Models 

            Diameter of pipelines in WDNs had been considered to be the decision variable by Shamir, 

for cost optimization by building a steady state hydraulic solution [5]. A random sample technique 

was used by Pitachi for selecting an optimum diameter of pipe network [6] by considering the 

diameter of pipe network is the continuous variable and hence the solution is rounded off to the 

nearest commercial diameter, which leads to a lot of infeasible designs [7].Gupta et al., focused on 

branched WDNs and optimize the cost by considering the length of pipe as a decision variable via LP 

[8].Same work had been made by Kally but for looped network [9].Later on, Bahave classified 

network to be either branched or looped, where the former can be used in agricultural, industrial or 

small countries [10]. The early work in design of WDNs is based on LP or NLP which consider as a 

complicated. In addition to that using pipe diameter as the discrete variable leading to not find the 

optimal solution, that’s why from 1990’s researchers are using meta-heuristics modeling techniques 

in WDNs design. 

2.1.2. Meta-heuristics Models 

It’s based on making several iterations for the optimization problem to improve the solution. 

Researchers used stochastic techniques in WDNs optimization e.g., GA, simulated annealing, 

harmony search, etc. GA was firstly used by Murphy & Simson for optimize small WDNs [11].  

Simpson et al. used GA for optimizing large size WDNs [12]. Studying the effect of both using an 

adequate population size and tournament effect was made by Goldberg [13], then integration of GA 

with EPANET software produced by EPA was made by Walters,1999 &Lippai et al.[14,15] and the 

optimal solution was found to be sensitive to Hazen-William’s equation linked in EPANET by 

Rossman [16]. For interested water engineers and designers they can find more details on references 

section) [17, 18, 19, 20]. 

2.1.3. Reliable system 

  A reliable system performs its function for a given time and within specified conditions [21]. WDNs 

must be reliable enough in order to perform its function in case of different scenarios such as, fire, 

pipe break, etc. Unfortunately, there is no direct measure for reliability since it’s not a system’s 

property [22], but since pipe break leads to loss water and high repairing cost, researchers indicate it 

as a reliability indicator. Usually there are two reasons for pipe break which are as follows; 

mechanical failure and hydraulic failure due to demand variation or presence of uncertainties. 

Resilience index  is estimated by Todini and can be calcualted from Eq.1[23]. Several techniques 

were made by researchers to evaluate system’s reliability based on neuro fuzzy and regression models 

and available in references [24, 25, 26]. 

𝑅𝐼 = 1 − 𝑷𝐢𝐧

𝑃𝑚𝑎𝑥
                 (1)  

𝑷𝐢𝐧 = Ptot −  ɤ∑ 𝑞𝑖ℎ𝑖
𝑛𝑛
𝑖=1             (2)     𝑷𝐦𝐚𝐱 = Ptot −  ɤ∑ 𝑞𝑖ℎ′

𝑛𝑛
𝑖=1                   (3)     𝑃tot = ɤ∑ 𝑄𝑘 𝐻𝑘 + 

𝑛𝑟

𝑘=1  ∑ 𝑃𝑗 𝑛𝑝

𝑗=1          (4) 

Where, RI = resilience index , 𝑷tot = power at begining of  WDN , ɤ= water specific weight , 𝑄𝑘 = 

discharge flowrate of reservoir K ,𝑛𝑟 = resevoirs number and 𝑛𝑝 = pumps number. 

Modified RI is defined as the percentage of the amount of addtional power at  deamand node to the 

summation of minimum power at demand nodes [27]. It can be noted that MRI can be larger than 1 

, while the value of RI is less than 1. 
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3. Model Formulation 
The model used in this paper aims to develop an optimum water distribution network with least cost, 

minimum CO2 emissions and with a maximum flexibility. This is made by integration GA with 

EPANET and reliability as a constraint.  

3.1.  Genetic Algorithm 

The input to GA is objective function(s) and randomly potential solution to the problem. Solutions 

are like chromosomes with a mathematical encoding and capable of reproducing. Usually, any two 

solutions from chromosomes are combined together depending on the rate of mutation. Average 

fitness for the population allows a combination of several generations to have a good result in any 

problem [28 ,29]. 

3.2. GANetXL 

It was developed by university of Exter, Centre of water system . GANetXL can be used in single 

and multi-objective optimization by using GA for problem optimization, which makes GA using an 

easy task for researchers and many water engineering applications. It’s available as an add- in 

Microsoft excel and considered as a flexible, user-friendly program which can work with more than 

thousands of variables. A set of decision variables, objective function(s) and constraints are required 

to run the program and the optimization progress can appear in the toolbar [30]. 

3.3. EPANET 

It was developed by EPA; it’s a steady state simulation problem, which combines water quality, 

flowrates and hydraulic behavior of network. WDNs are governed by mass and energy conservations, 

where the former can be described in Eq.5. The latter is based on understanding the system energy’s 

loss /gain, length, diameter, coefficient of friction of pipe network, which can be calculated from 

Hazen’s William method as shown in Eq.6 [31]. 

𝑄𝑖𝑛, 𝑖 = 𝑄𝑜𝑢𝑡, 𝑖 + 𝑄𝑑, 𝑖                                                                                 (5) 
Where, 𝑄𝑖𝑛, 𝑖 = Total input water flow to node i,  𝑄𝑜𝑢𝑡, 𝑖 = Total output water flow to node i and,  𝑄𝑑, 𝑖 
= Demand water to node i. 

                            Hf, j = 10.4397 L𝑗
(𝐶𝑗𝑄𝑗)1.85

𝐷𝑗4.6855
                                                            (6) 

Where, Hf, j= Head loss in pipe j in m,  Lj= Pipe length in m,  Cj = Coefficient of friction to node j and 

Dj = pipe inside diameter in inches. 

3.4. Objective Function 

In this research, the objective function varies with scenarios to trade-off between different design 

alternatives. A general formula for the optimization problem’s objective function are as follows; 

Obj. 1= Minimize Life Cycle Cost (7), Obj. 2=Minimize Life Cycle CO2 Emission (8) 

Obj. 3 = Maximize reliability  & Flexibility                                                               (9) 

3.5. Constraints  

Constraints can be classified as follows; systematic constraints like mass and energy conservations, 

users restricted constraints such as, pressure requirement in each node where its values reach from 

30-75 psi [32]. Finally, reliability constrains are added in some alternatives for better trade-off 

between different design scenarios and it’s assumed its equal =0.8 over the design period. Eq. 10 to 

12 describe constrains respectively as mentioned above. 

Hf, j = Hj, 1− Hj, 2                                                                          (10) 

Hp, k = Hk, 1− Hk, 2                                                                        (11) 

Hmin < Hm     m = 1,2,3, … . . n                                                     (12) 

Where, 𝐻f, j = head loss in node j estimated from eq.2, Hj, 1& Hk, 1= nodal head at high pressure at 

node j or k. Hj, 2& Hk, 2 nodal head at low pressure at node j or k, Hp, k = head added by pump, n = 

node number and Hm = pressure at node m. 

3.6.Working Procedures 
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            In this paper, different scenarios had been studied to trade-off between different design 

alternatives when subjected to different objective functions. Table.1 illustrates different design 

alternatives dealt with in this research. 

Table.1: Different design alternatives 
# Objective Function Constrains # Objective Function Constrains 
1 Fixed Cost Network 6 CO2 emissions Network &Flexibility 

2 Fixed Cost Network , Flexibility 7 Life Cycle Costs , CO2 emissions Network 

3 Life Cycle Costs Network 8 Life Cycle Costs , CO2 emissions Network &Flexibility 

4 Life Cycle Costs Network , Flexibility 9 Life Cycle Costs , Flexibility Network 

5 CO2 emissions Network 10 Life Cycle Costs, CO2 , 

Flexibility 

Network & Flexibility 

4. Case Studies 

      WDN-I was first introduced by Shamir [33] and had been used by several researchers. Layout 

of WDN-II is shown in figure.2. It’s a pumped network; pump addition to the network increases both 

of capital and operating costs and contributes in CO2 emissions [34]. WDN-II is popular used in the 

literature, called ‘‘anytown’’ water network and was first introduced by Walski.et.al. [35]. The model 

used was tested too in a real network to check its ability in dealing with complicated systems, compare 

its results with work done with Rayan. et.al. [36]. WDN-III is related to Suez water network. Suez is 

located at the north of Suez Gulf. Suez’s total population is 744,189 inhabitants according to census 

2017. [37].  WDN-III consists of three reservoirs, three pumps, 389 pipelines and 341 nodes with 

demand = 6656 m³/hr. [38]. It’s assumed that Hazen’s Williams coefficients equal 130 &144 for 

ductile iron pipe and PVC pipes respectively for all networks. Further description for networks is 

available in appendix section. Figures 1, 2&3 illustrate the layout for the three case studies where 

marked area in figure.3 indicate pumps location after that, evaluation strategies for estimating (RI), 

(MRI) and (NRI) and finally, investigation different indices efficiency over different failures 

scenarios was made. 

  
   Figure.1. WDN-I                                  Figure.2. WDN-II                        Figure.3. WDN-III 

5. Results & Discussions 
5.1.WDN-I 

5.1.1. Simultion for WDN-I 

Although WDN-I looks simple problem , it was found that there are 118 solutions unfotunately, the 

system reliability in the first alternative is 55 % which is not a good value in order to have reliable 

and flexible network to be capable of dealing with uncertanties such as pipe failures. In order to test 

the developed model, the model had been run by the same cost data presented by Alperovits [33] and 

it was found that the optimal value had been obtained at the eighth run with a total cost 662760 L.E., 

which is as the same obtained by stochastic optimization traditional techniques. Table.2 shows the 
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results of different design alternatives related to WDN-I, where cost expressed in milion L.E and CO2 

in Kg. 

Table.2 Results of optimum different design alternatives related to WDN-I 
# Reliability % Fixed Cost LCC LCE # Reliability % Fixed Cost LCC LCE 

1 55 31.4022 86.79 2370 5 55 31.4022 86.79 2700 

2 84 36.6096 96.258 2990 6 84 36.6096 96.258 2990 

3 0 36.72006 64.0668 3022 7 60 31.56 83.634 2670 

4 88.7 42.606 69.432 3400 8 88.7 37.872 88.368 3035 

5.1.2. Trade-off Alternatives 

5.1.2.1.  Cost vs. Reliability 

It was found that to have reliable network  it’s required to pay 5.094 , 6.312 mililon L.E. as a fixed 

cost for WDN-I for reiability reaches 84 and 88.7 % respectively. 
5.1.2.2. Cost & Life Cycle CO2 emissions 

By considering minimizing CO2 emissions as an objective function as in the fifth alternative as work 

prensented by Wu.et al. [39]. It was found that CO2 emissions had been reduced to 2.7 k tons. After 

addition of reliability as another objective function as in the sixth alternative , CO2 emissions 

increased to 2.99 K tons. The seventh alternative is similar to that reported by Wu.et al. considered 

as a multi-objective optimization, but unfortunately network isn’t reliable. Finally, system flexibility 

is increased to 88.7% in the last alternative with an increase in both of life cycle costs &CO2 

emissions by 7 and 13% respectively. 

5.2. WDN-II 

5.2.1.Simultion for WDN-II  

Simulation had been made using GANetXL & EPANET. The first alterntive hadn't been made since 

the model had been tested in WDN-I. Firstly, a simulation was carried to optimize WDN-II without 

considering flexibility. Table.3 shows the results of different design alternatives related to WDN-II, 

where cost expressed in milion L.E and CO2 in S/T and related pumps data are presented in appendix. 

Table.3 Results of optimum different design alternatives related to WDN-II 
Alternative 

No. 

Fixed Cost LCC LCE * 10
14

 Alternative No. Fixed 

Cost 

LCC LCE * 10
14

 

3 274 485.8121 2.89 7I 288 488.7731 2.72 

4 328 547.1276 3.09 7II 289 489.5157 2.72 

5 350 518.8292 2.4 8I 362 564.9904 2.89 

6 391 592.5271 2.88 8II 355 561.4658 2.92 

5.2.2.Trade-off Alternatives 

5.2.2.1. Cost vs. Reliability 

To have reliable network , it’s required to pay 76  millions L.E. as a fixed cost for reliable system. 

This value increases to 88  millions L.E for having a maximum reliability (i.e. an excess ranges from 

11-13.5 % from total fixed costs). 
5.2.2.2. Cost & Life Cycle CO2 emissions 

It was found that the cost of reducing one ton of CO2 in WDN-II is 160 L.E for non reliable 

systmm and this value raises to 316 L.E for reliable systems , which nearly double the cost in case of 

non- reliable systmes. 

5.3. WDN-III 

5.3.1.Simultion for WDN-III 

The optimum solution results for WDN-III was 87.5 millions L.E. for minimum pressure= 25 m. 

Working was made with same piping and diameters cost data for testing the model illustrated above 

and validate it in large networks and it was found that the optimum cost is 87.46 millions L.E . After 

that, the model used above was used for trading-off different alternatives. 
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Table.4 Results of optimum different design alternatives related to WDN-III 
Alternative 

No. 

Fixed Cost LCC LCE * 10
14

 Alternative No. Fixed 

Cost 

LCC LCE * 10
14

 

3 96 201.69 4.46 7I 97 217.3 4.23 

4 112.038 340.15 5.15 7II 98.5 218.65 4.36 

5 150.48 370.65 3.1 8I 175.39 312.3 3.67 

6 193.6 390.6 3.76 8II 180.3 375.3 3.25 

5.3.2.Trade-off Alternatives 

5.3.2.1.Cost vs. Reliability 

To have reliable network , it’s required to pay 54.5 millions L.E. as a fixed cost for reliable system. 

This value increases to 84.3 millions L.E for having a maximum reliability. (i.e. an excess ranges 

from 15.7-18.8 % from total fixed costs). 

5.3.2.2.Cost vs. Life Cycle of CO2 emissions 

It was found that the cost of reducing one ton of CO2 in WDN-III is 140 L.E for non reliable 

system and this value raises to 278 L.E for reliable systems. 

5.4.Flexibility vs. reliability  

RI, MRI and NRI had been investigated for failures events probabilities [40]. It was found that the 

probability of breaking two or more than two pipes simultaneously is low. A visual basic code had 

been written, linked to EPANET. Systems’ performance is analyzed by using average percentage of 

feasible scenarios. Figure.4 shows optimal metric indices values for break scenarios.  

Table.5.  shows optimum metrics indices value for WDN-III vs. LCC in million L.E. 

 
Figure.4 shows optimal metric indices values for break scenarios for WDN-III 

6. Conclusions 
Several tons of carbon dioxide is emitted from WDNs all over the world. In addition to that it’s a 

must to consider the flexibility during the design phase or rehabilitation of any infrastructure and 

particularity in WDNs in order to make the system capable of supplying water with sufficient 

demands and pressure to all customers especially in case of uncertainties such as, demand pattern 

variation or emergencies. Egypt’s contributed in Paris agreement for climate change to reduce the 

amount of carbon dioxide so a trade-off among different design alternatives is required. Different 

objective functions such as, flexibility, life cycle costs and carbon dioxide emissions had been 

investigated for three WDNs. Model was tested & validated with the results obtained from the 

literature and for a real case too in Suez, Egypt to check it in large systems and it was found that the 

obtained results are satisfactorily. For the first case study, it was found that depending on reliability 

considerations a reduction of the life cycle costs could reach to 28 %, meanwhile an increase in life 

cycle costs up to 9 % is observed if reliability reaches 88.7% and it needs around 63 LE. per ton 

carbon dioxide reduction this value increases for WDN-II&WDN-III due it’s large size and presence 

0
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Life Cycle 

Costs 

RI NRI MRI Life Cycle Costs RI NRI MRI 

22 0.3 0.285 0.03 33.138 0.8 0.78 0.092 

23.9856 0.41 0.405 0.05 34.716 0.85 0.8 0.096 

25.564 0.57 0.55 0.07 39.45 0.87 0.85 0.099 

28.404 0.63 0.6 0.09 71.01 0.9 0.88 0.1 
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of pumps, which contributes in CO2 emissions. Finally, this research presents a trade-off technique 

among different alternatives for optimal WDNs designing and according to project specifications & 

decisions makers the desired solution could be selected. 
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Recommendations 

▪ It's recommended from decision makers to work with scholars, researchers, and organizations 

such as, Japan International Cooperation's Agency for developing a framework to comply with 

Paris agreement regulations. Finally, further work is required to investigate other pollutions 

resultant in water network structures and add it to the model. 

Nomenculture 
LCC Life Cycle Cost LCE Life Cycle carobn Emissions 

𝑷tot   Power at begining of  WDN 𝑄𝑑, 𝑖                                                         Demand to water node 𝑖 
  ɤ Water specific weight Hf, j                                       Head loss in pipe 𝑗 
𝑄𝑘    Discharge flowrate of reservoir K Lj       Pipe length 

𝑛𝑟 Resevoirs number Cj   Coefficient of friction to node 𝑗 
𝑛𝑝                                                                     Pumps number. Dj   Pipe inside diameter 

RI   Resilience index Obj.                                    Objective Function 

MRI   Modified Resilience index H𝑗1                                            Nodal head at high pressure at node j                                       
NRI    Network Resilience index H𝑘1     Nodal head at high pressure at node K                                        

𝑄𝑖𝑛, 𝑖                                                       Total input water flow to node 𝑖 Hj2                                                       Nodal head at low pressure at node j 
𝑄𝑜𝑢𝑡, 𝑖                                                   Total output water flow to node 𝑖 Hk2                                                      Nodal head at low pressure at node K 

Hpk                                                      Head added by pump n Number of nodes 
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APPENDICES 
Table.1 U.S. Energy-Related CO2 Emissions by Sector and Source (Tg CO2 Eq.) (EPA2020) 

Sectors and Source 2005 2010 2015 2020 

Electric Power 2,381 2,342 2,382 2,466 

Petroleum 102 47 38 40 

Natural Gas 320 322 261 285 

Coal 1,958 1,962 2,071 2,129 

Other  0.4 12 12 12 

Transporation 1,882 1,835 1,858 1,853 

Petroleum 1,8484 1,800 1,823 1,817 

Natural Gas 33 35 35 36 

Electricity 5 4 5 6 

Industrial 828 805 839 840 

Petroleum 330 336 326 321 

Natural Gas 382 370 389 387 

Coal 116 99 124 132 

Electricity 731 580 607 610 

Residental 358 363 346 344 

Petroleum 95 93 83 78 

Natural Gas 262 268 262 265 

Coal 1 1 1 1 

Electricity 849 879 855 882 

Commercial 222 225 223 224 

Petroleum 50 45 42 41 

Natural Gas 163 173 174 176 

Coal 9 6 6 6 

Electricity 797 879 916 968 

U.S Territories 53 63 74 86 

 

Table.2 EPANET’S Different Functions an its Defintions 

Function Defintion 

openNetwork Opens then load a certain network for simulation 

closeNetwork Closes a certain network after being analyzed 

getNodePressure Recover a certain node’s pressure 

getNodeHead Recover a certain node’s head 

getLinkCount Calculate the total number of links in the loaded network 

getNodeCount Calculate the total number of nodes in the loaded network 

getLinkId Recover an id number for certain link 

getNodeId Recover an id number for certain node 

getLinkDiameter Recover a certain link’s diameter 

getLinkLength Recover a certain link’s length  

setLinkDiameter Define a diameter’s value in certain link 

setLinkStatus Modify link status from open to close and vice versa 

Solve Perform Hydraulic’s network 
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Table.3  Costs of Piping Installation for Different Diameters for WDN-I&II 

Dia. (cm) Dutile Iron (L.E /m) HDPE (L.E./m) Piping Installtion Costs(L.E./m) 
10 873.27 106.42 970.3 

15 1025.075 231.62 1064.2 

20 1272.345 391.25 1361.55 

25 1616.645 607.22 1643.25 

30 209.71 854.49 1893.65 

35 2449.225 1031.335 2018.85 

40 3001.67 1347.465 2394.45 

45 3455.52 1704.285 3192.6 

50 4062.74 2103.36 4069 

55 4695 2546.255 4695 

60 5186.41 3029.84 5164.5 

65 5956.39 3555.68 5743.55 

70 6578.165 4123.775 6353.9 

75 7180.22 4734.125 6948.6 

90 9577.8 6817.14 8764 

 

Table.4  Costs of Repair for different diameters 

Dia. (cm) Break Rate ( Break/ Year/ km) Reapiring Costs (L.E./ Single Break) 
10 0.52 8951.8 

1.5 0.43 9796.9 

2 0.26 10454.2 

2.5 0.16 11158.45 

3 0.1 12504.35 

3.5 0.09 15024 

4 0.07 15775.2 

4.5 0.05 16260.35 

5 0.042 17637.55 

5.5 0.029 19562.5 

6 0.016 22050.85 

6.5 0.019 22504.7 

7 0.013 23866.25 

7.5 0.008 25243.45 

 

Table.5  Different Pipe Materials emoided energy coeffiecient according to Ambrose et al., 2002 

Type of Pipe Emboided energy ( J / kg) 

Ductile Iron 38200000 

DICL 40200000 

PVC 74900000 

PE80B 75200000 

PE100 75200000 

PVC 76600000 
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Table.6  Carbon dioxide emissions from the emboided energy in ton / m. 

Dia. (cm) Dutile Iron HDPE Dia. (cm) Dutile Iron HDPE 

10 0.095796 0.039966 45 0.502711 0.638242 

15 0.140618 0.086506 50 0.593234 0.787897 

20 0.185441 0.146541 55 0.650363 0.953297 

25 0.238172 0.227684 60 0.710123 1.134614 

30 0.305845 0.320245 65 0.85036 1.331501 

35 0.355061 0.386163 70 0.936125 1.544306 

40 0.43328 0.50433 75 1.015089 1.722855 

 

Table.7  Resultants Emissions Amount from using Horizontal Directional Drilling Equipment in 

Kg. 

Equipment Hydrocarbons Carbon 

Monoxide 

Nitrogen 

oxides 

Partiaculate 

Matters 

Carbon 

Dioxide 

Sulfur 

Oxides 

Backhole 0.353808 2.580984 2.17728 0.208656 905.728 0.58968 

Excavator 0.231336 1.886976 3.56076 0.358344 1471.808 0.95256 

Truck 0.09072 0.6804 1.365336 0.117936 877.424 0.567 

Rig 0.6804 4.050648 9.498384 1.76904 5519.28 3.587976 

Roller 0.009072 0.086184 0.163296 0.013608 56.608 0.04536 

Total 1.3608 9.2988 16.7832 2.44944 8774.24 5.76072 

 

Table.8  Emissions of CO2 in Ib in case of Pipe breaks 

Dia. 

(cm) 

Clamp Length (cm) 

15 19 25 32 38 50 60 75 

5.08 
0.08157 0.08157 

0.08597

9 

0.08597

9 

0.09819

2 
N/A 

7.62 0.08157 

0.08597

9 

0.08597

9 

0.09274

7 0.109105 

10.1
6 

0.08597

9 

0.09274

7 

0.09819

2 0.10366 

0.11457

2 

0.13639

8 0.14731 

0.17460

3 

15.2
4 

N/A 0.09819

2 

0.10910

5 

0.11457

2 

0.13639

8 

0.15275

6 

0.17460

3 

0.20734

1 

20.3
2 

N/A 

0.10366 

0.11417

5 

0.12001

8 

0.14184

3 0.16369 

0.19096

1 

0.22369

9 

25.4 
N/A 0.12001

8 

0.13639

8 0.14731 

0.19096

1 

0.21278

7 

0.23461

2 

0.28919

8 

30.4
8 

N/A 

0.13093 0.14731 

0.15822

3 

0.20734

1 

0.22369

9 

0.25643

7 

0.32193

6 

 

Table.9  WDN-I characteristics 

Node No. Elevation (ft.) Demand L/hr. Redquired Pressure (ft.) 

1 64.008 - - 

2 45.72 100000 9.144 

3 48.768 100000 9.144 

4 47.244 120000 9.144 

5 45.72 270000 9.144 

6 50.292 330000 9.144 

7 48.768 200000 9.144 
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Table.10  Piping Cost Data for WDN-I using Shamir prinicle for model validation 

Dia. (m) Cost (L.E./m) Dia. (m) Cost (L.E./m) 

0.0254 31.56 0.4572 2051.4 

0.0508 78.9 0.508 2682.6 

0.0762 126.24 0.5588 4734 

0.1016 173.58 0.6096 8679 

0.1524 252.48 0.0254 31.56 

0.2032 362.94 0.0508 78.9 

0.254 504.96 0.0762 126.24 

0.3048 789 0.1016 173.58 

0.3556 946.8 0.1524 252.48 

0.4064 1420.2 0.2032 362.94 

 

Table.11  Pumps characteristics for WDN-II , Discharge and head are in Lit./ hr and ft. 

respectively. 

First Pump Second Pump 

Discharge Head Efficiency Discharge Head Efficiency 

0 27.87091 0 106680 32.51606 0 

454250 27.1272 50 103600 31.58703 50 

908000 25.08504 65 97000 29.72897 65 
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Abstract. The building sector plays a pivotal role in achieving the climate goals of Paris Agreement 

to limit global warming below 1.5°C or 2°C by 2100. Buildings are responsible for almost one third 

of energy consumption and 40% of CO2 emissions worldwide. Almost 90% of the building stock was 

built when there was neither awareness of the climate change challenges nor energy efficiency 

regulations. In order to achieve the goals of energy efficiency and CO2 emission reductions from the 

building sector, major retrofits are required. In many cases, there is no sufficient budget to finance 

most of the EEMs, and a decision support tool is required to help the decision maker to prioritize such 

measures. Normally, financial indices like payback time (PBT) or net present value (NPV) or internal 

rate of return (IRR) are used to prioritize EEMs.  Such indices lack important information concerning 

the quantity of saved energy or the amount of reduced CO2 emissions.  In this context, we propose 

the use of any of the following two alternative indices to prioritize EEMs taking into consideration 

the energy / environmental viewpoint with respect to the invested money; The Energy Saving Index 

(kWh saved/$ spent) where projects with the highest kWh saved/$ spent are preferred, and the 

Emission Reduction Index (kg CO2 reduced/$ spent) where projects with the highest CO2 reduction/$ 

spent are preferred. A company with multi-office buildings in Alexandria, Egypt, is taken as a case 

study to examine the effectiveness of the proposed indices in prioritizing the suggested EEMs. 

Introduction 

The Paris Agreement, signed in December 2015, sets an ambitious target to limit global temperature 

rise (the main reason for climate change), within this century, below 2°C (and hopefully 1.5°C ) 

compared to pre-industrial levels. The building sector is responsible for a large share of greenhouse 

gas emissions and their reduction can bring to a signifcant cut of the environmental impacts [1]. CO2 

emissions from the building sector is responsible for 38% of total global CO2 emissions [2]. Without 

stringent climate policies, buildings energy demand is expected to increase due to demographic trends 

and socio-economic developments. Limiting global warming below 1.5°C or 2°C by 2100 requires 

strong actions to reduce the impact of buildings activities [3]. To achieve the 1.5°C pathway, we 

require a building emissions reduction of 80–90% by 2050. Staying under a 1.5°C global temperature 

increase is no longer possible due to the current insufficient actions. However, staying under 2°C is 

still achievable, but the longer the sector waits to make a transition the more abrupt this transition 

will have to be [4]. For new constructions, high energy performances are required by mandatory codes 

and standards. All new constructions should be Nearly Zero Energy Buildings (NZEB). However, a 

large part of the building stock is quite old and built without any regulations about energy efficiency; 

consequently, its energy consumptions are very high. The potential energy saving that can be obtained 

from very simple EEMs retrofits is very high [5]. Office buildings have major characteristics that 

differentiate them from other building types. These major characteristics include high energy 

consumption capacity due to high dependence on mechanical heating and cooling systems and 

artificial lighting. Office Heating, Ventilation and Air Conditioning (HVAC) accounted for between 

40% and 68% of electrical consumption, followed by energy for lighting, which accounts for between 

13% and 37% and office equipment that consumes between 12% and 25% of energy [6].  
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Retrofit has similar terms  in literature such as refurbishment, rehabilitation, renovation, 

improvements, and repairs on existing buildings. Sustainable retrofit is defined as the upgrade of 

components or elements or fabric system or controls of a building with the aim of improving the 

building’s energy and environmental performance [7]. Because of financial constraints, not all the 

EEMs can be applied at once, making it necessary to define a criterion for ranking them. Several 

indicators were proposed in literature to rank or prioritize such EEMs [8]. Prioritizing the most 

economically promising investments is not straightforward because apart from cost-effectiveness 

calculations, several real-world constraints have to be taken into account [9]. Although several papers 

in literature deal with energy retrofits in existing buildings, yet a limited number of these papers 

combine energy savings, environmental benefits and cost of the EEMs into one index that can be used 

to judge these EEMs. In [10], three Energy Performance Indicators (EPIs) are defined, which are 

annual electricity use intensity, annual natural gas use intensity, and annual energy cost and a standard 

regression coefficient sensitivity analysis method is applied to determine the sensitivity of each EEM 

with respect to the three EPIs, and the relative sensitivity of all EEMs are calculated to evaluate their 

energy impacts. The proposed indices are applied to a medium size office building in USA. In [11], 

a free online toolbox was developed to select and prioritize the energy efficiency interventions in 

public buildings in terms of costs, energy savings, CO2 emissions’ reduction and return on 

investments. The proposed method was applied on a public building (municipality) in Italy.  

It should be noted that energy saving and CO2 emission reduction are two facets of the same coin. 

The CO2 emission intensity is based on the energy mix used to generate electricity. According to the 

global energy mix of 2020, approximately 63% of generated electrical energy came from carbon-

based sources (37% coal, 22% natural gas and 5% oil) whereas 37% of the generated electrical energy 

came from carbon-free sources (17% hydropower, 10% nuclear and 10% renewables of wind, solar 

and biomass). It is worth noting that the coal is approximately equal to all non-fossil energy sources, 

including hydropower, nuclear, wind and solar. In 2020, the worldwide electrical energy generated 

was approximately 27,000 Tera Watt Hours (TWh), and the corresponding CO2 emissions were 

approximately 14 Giga Tons (40% of global CO2 emissions). This means that the global average CO2 

intensity is approximately 0.5 kg CO2/kWh. In other words, each 1 kWh of saved electric energy 

corresponds to 0.5 kg of CO2 not emitted to the atmosphere [12].  

Methodology  

Step (1): Energy Audit. Normally this step is done as a part of a continuous Energy Management 

System (EnMS) such as ISO 50001:2018 [13]. The company or the organization’s top management 

should assign an energy audit team (internal or external), who plans and conducts an audit plan that 

is compatible with the company’s size and energy consumption. The required data may include the 

building type, building area, year of construction,  electricity, natural gas and water bills for at least 

12 months, number of employees, working hours, number and power of elevators, type of HVAC 

system and its power, number and power of computers, printers, copiers, and other office equipment, 

available area of the roof, maximum and minimum recorded temperatures during the year, types of 

glazing (windows), numbers and power of lighting fixtures, number and power of electric water 

heaters in addition to any other loads that consumes energy. The audit report should conclude with a 

list of EEMs. 

Step (2): Evaluation of the EEMs. Each EEM will be evaluated in terms of energy saving potentil 

(kWh) and its equivalent CO2 emission reduction. Each EEM will be financially evaluated in terms 

of its money investment including capital and installation costs, expected annual money savings and 

the familiar financial index of the PayBack Time (PBT) in years. In our study, we will use this index 

thanks to its high popularity and simplicity to the decision makers. Other indices may also be used 

such as Net Present Value (NPV) or Internal Rate of Return (IRR), Return on Investment (ROI),  Life 

Cycle Cost (LCC) or Total Cost of Ownership (TCO), in accordance with the company / organization 

internal system.  
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Step (3) Apply Organization’s Constraints. Each organization may have certain constraints such as 

funding problems which may limit the application of high investment projects, need to comply with 

laws and regulations concerning carbon footprint (prefer environmental projects even if not 

economically feasible), preferring of projects with short payback period), etc. Within these constrains 

some opportunities may be ignored even if technically and/or economically attractive.  

Step (4) Prioritize EEMs. We propose the use of any of the following two equivalent indices: 

- Energy Saving Index (kWh saved/$ spent) 

From the energy management viewpoint, projects with the largest kWh savings are the best 

projects. However, the comparison based on the saved kWh alone may not be fair. A project with the 

highest kWh savings may be financially unfeasible and the vice versa. To normalize the amount of 

kWh savings with the investment over the project lifetime, we have to combine both indices; the 

financial and the energy saving. The kWh saved / $ spent index is proposed, where projects with the 

highest kWh saved / $ spent are preferred. 

- Emission Reduction Index (kg CO2 emission reduction/$ spent) 

Applying he same discussion, and combining this time the environmental point of view with the 

financial one, the kg CO2 emission reduction / $ spent index is proposed. Again, projects with the 

highest CO2 emission reduction / $ spent are preferred. 

It is clear that both indices are related. Actually, these two indices are the same index, expressed once 

in terms of energy units and once in environmental units, with the reference always made with 

respeect to financial units. 

 

Case Study  

To validate the effectiveness of the proposed indices in the process of decision making 

concerning prioritizing the EEMs, a case study is considered for Alexandria National Refining & 

Petrochemicals Co. (ANRPC) in Alexandria, Egypt. Applying the aforementioned four-step 

methodology, we get: 

Step (1). ANRPC contains seven office buildings. Fig. 1 shows the main administrative 

building. The buildings work 8 hours per day, 5 days a week. The building is shutdown during 

weekends and national and religious vacations. The effective operating hours of the building are in 

the range of 2000 hours annually. The total consumed electrical energy during 2020 was 

approximately 2,500,000 kWh. The electrical consumed energy peaks during the summer months due 

to HVAC loads, as shown in Fig. 2. The HVAC loads consumes about 40% of the buildings energy, 

the lighting consumes about 30% of the energy and the office equipment and other loads (elevators, 

water heaters, water pumps, . .) consume the remainder 30%. The price of 1 kWh of electrical energy 

is approximately 0.1 USD. 

Step (2). After performing an energy audit, the following EEMs are identified: 

1. Replace the glazing system such that new glass allows sunlight to enter without heat energy. 

This will decrease both the artificial lighting load and the air-conditioning (A/C) load. 

2. Replace ~ 2000 fluorescent lighting fixtures (80 Watt each) with equivalent LED panels (40 

Watt each). There will be no heat emitted from LED, and hence, the A/C loads will decrease.  

3. Replace old individual split units with central A/C system.  

4. Replace inefficient appliances with newer ones with energy label A (or green color), with 

lowest consumption and highest efficiency.  

5. In elevators, use motors with variable speed drives (VSDs) instead of two-speed motors.  

6. Use solar water heaters instead of electric heaters.  

7. Install Photo-Voltaic (PV) solar panels The panels may serve as shading plates for the roof and 

hence, decrease the A/C loads.  
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Step (3). After discussions with the top management and applying the company’s constraints, 

only EEMs involving replacing lighting loads with LED, replacing the old split A/C units with central 

A/C system and installing PV solar panels were approved for further in-detail analysis. 

 

 

 
 

Fig. 1. The entrance and the main office building of the case study 

 

 
 

Fig. 2. Monthly electrical energy consumed for the seven buildings of the case study 

Step (4). For the selected EEMs, the investment cost (USD), the annual energy savings (kWh), the 

annual money savings (USD), the annual CO2 emission reduction (kg), the Payback Time (years) and 

the proposed indices; saved kWh / $ spent) and CO2 emission reduction / $ spent are calculated and 

presented in Table 1. 
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Table 1. Energy saving, environmental and financial indices for the proposed EEMs 

 

 Capital 

cost ($) 

Annual 

kWh 

saved 

Annual 

money 

saving ($) 

Annual 

reduced 

CO2 (kg) 

PBT 

(years) 

kWh 

saved / 

$ spent 

CO2 

reduced 

/ $ spent 

LED Lights 75,000 160,000 16,000 80,000 4.7 2.13 1.06 

Central A/C 250,000 350,000 35,000 175,000 7.14 1.4 0.7 

PV panels 50,000 100,000 10,000 50,000 5 2 1 

 

Results & Discussions 

From Table 1, we can see that the highest values of the proposed indices are those for the LED 

lighting, followed by installing PV panels and finally the replacement of the A/C system. The 

meaning of the emission reduction index for the PV project for example, is that for every 1 $ spent 

on this project, there will be a reduction of the CO2 emission by 1 kg. If this 1 $ was to spent on the 

replacing the A/C project, then, there will be a reduction of the CO2 emission by only 0.7 kg. this 

index can be used when selling such EEMs to any international authority for funding such projects 

within a national climate change plan or as a part of the finance required for nationally-determined 

contributions (NDC) submitted by each country to the United Nations as a mandatory document for 

each country’s commitment to Paris Agreement. For example, Egypt CO2 emissions are currently ~ 

250 Million Ton in 2020 [14]. If we want to decrease this quantity (say by 10% or by 25 Million Ton) 

by wide spreading the installation of PV panels on a country level, then we need 25 Billion USD.         

Conclusions 

In this paper, the problem of prioritizing EEMs was discussed. It gives the decision maker a decision 

support tool when comparing among several energy efficiency projects, especially when the available 

budget is limited and all EEMs cannot be executed simultaneously. The proposed four-steps 

methodology for such prioritization follows in its first three steps the normal procedure suggested in 

other studies and that are recommended by any energy management system; 1) performing an energy 

audit, 2) determining the EEMs, and evaluate such EEMs in terms of potential kWh savings, CO2 

emission reduction in addition to financial evaluation using any familiar financial index such as the 

Pay Back Time, 3) apply the organization constraints such as available budget or need to comply with 

laws and regulations. The fourth step differs from most related studies, in which the prioritization 

was done using financial indices only. In this study, combining the energy saving and the CO2 

emission reduction data with the financial indices help to configure the physical meaning of the index, 

rather than blind numbers. The two proposed indices could be used interchangeably, as they are 

actually the same index, expressed once as an energy saving index and once as an emission reduction 

index, and both are referenced to the dollars needed to perform the EEM in question. The proposed 

indices could be used to compare and prioritize EEMs within buildings or industries. The case study 

was applied on the office buildings in a refinery, where projects such as replacing conventional 

lighting fixtures with LED panels and installing PV solar panels have the highest benefit / cost ratio, 

compared to projects such as replacing the individual split units of the HVAC system by a central 

A/C system or replacing the glazing system by a special glazing system that allows the passage of 

daylight and block the passage of heat energy. Such indices could be used to quantify any financing 

required to perform energy saving or environmental projects within a national plan to mitigate climate 

change and rationalize the energy resources.       
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Abstract. The maritime industry faces many challenges regarding the adverse environmental impact, 

whether at the level of legislation set by the International Maritime Organization (IMO) or the 

economic crises that arising from the Covid-19 pandemic. IMO has found that the highest percentage 

of ship emission is mainly coming from the ship propulsion systems. Therefore, the current research 

proposes an electric propulsion system to drive the ship instead of the conventional one to reduce ship 

emissions and enhance energy efficiency. As a case study, a passenger ship is investigated. The results 

showed that the proposed electric propulsion system has lower emission rates than the conventional 

one by 10%, 21%, and 88% for CO2, NOx, and SOx emission, respectively. From an energy efficiency 

point of view, the diesel-electric propulsion system enhances the energy efficiency and complies with 

the required IMO values as actual energy efficiency is about 66%, 70%, 83%, and 95% of the required 

IMO values at baseline, phase 1, phase 2 and phase 3, respectively. 

Introduction 

Recent regulations set by the International Maritime Organization (IMO) and financial challenges 

that arising from the Covid-19 pandemic made the shipping industry faces numerous difficulties [1,2]. 

Latest measurements from IMO shows that ships emitted 2.6% of the total worldwide Carbon dioxide 

(CO2) emissions [3,4]. Therefore, IMO has given a few enactments to lessen the unfriendly ecological 

effect [5]. Mohseni et al [6] pointed that the most elevated level of ship outflow is fundamentally 

comes from the propulsion system. The solution is to propose a more efficient system than 

conventional propulsion system [7,8]. The most efficient solution is electric propulsion system as it 

can be adopted to different vessel types at different speeds [9]. 

Lim et al [10] presented an application of electric system in a ship to reduce nitrogen oxides (NOx) 

to be accepted with the regulations released from IMO. Offshore supply vessels and Liquefied Natural 

gas ships can use the electric propulsion system incorporated with Azipod propeller as shown in [11]. 

Another research investigated the evaluation of power and other dynamic specifications for electric 

propulsion system [12]. Zahedi & Norum  [13] Validate the electric propulsion system components 

and its design through a simulation software. Moreover, Bassam et al [14] investigated the hybrid 

system included electric system and found that an environmental and economic benefits from the 

application. Therefore, the application of electric propulsion system onboard ship is very hot research 

issue because of its economic and environmental benefits resulted from the previous literature survey. 

The aim of the research is to propose an electric propulsion system to drive the ship instead of the 

conventional system to reduce ship emissions and enhance energy efficiency. The environmental 

assessment will be based on a comparative analysis between the proposed electric propulsion system 

and the conventional system through evaluation of greenhouse gas emissions. As a case study, a 

passenger ship will be investigated. 
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Case study description 

The case study for the assessment process of energy efficiency and environmental impacts is selected 

to be a passenger ship. The ship is operated by Holland America line passenger vessels under name 

(MS Westerdam) with a capacity of 2366 passengers and 820 crew members. The ship was built in 

2004 and sailing under the flag of the Netherlands. Principal specifications of the ship are shown in 

Table 1 [15]. The ship is suggested to be operated by a diesel-electric propulsion system as shown in 

Fig. 1 with a total power of 51,840 kW covers both the electric propulsion and auxiliary/hotel power 

requirements for the ship.  

Table 4 Main specifications of the studied passenger ship 

Ship Name MS Westerdam 

IMO number 9226891 

Length overall, [m] 285 

Beam, [m] 32 

Draft, [m] 7.8 

Service speed, [knots] 22 

Number of passengers 2366 

Gross tonnage, [ton] 82,897  

Electric power, [kW] 51840 

 
Fig. 7 Proposed electric propulsion system arrangements for the case study 

The propulsion system can be provided with the required electric power from 6 generators (G) 

through transformers. Cyclone convertor (C.C) regulates the frequency according to the required 

propulsion motor speed (P.M). The diesel generator will be operated by ultra-low sulfur heavy fuel 

oil (ULSHFO) with 0.1 sulfur and a specific fuel consumption of 155.6 g/kWh with load factor of 

90% and efficiency equals to 41.3 %. 

The ship is sailing from Canada (Vancouver port) to Japan (Tokyo port) to attract more passengers 

to increase the financial benefit of the ship. This sailing route is 10,560 nautical miles (NM) and takes 

20 days in one trip the average number of trips per year is five.  

Performance evaluation methodology 

The environmental performance can be assessed by evaluating the exhaust emissions from ships. The 

energy efficiency can be assessed by using the procedure recommended from IMO by using Energy 

Efficiency Design Index (EEDI) procedure [16]. 

Firstly, the total emissions during ship cruise can be evaluated by using Eq. (1) which depending 

also on the type of engine (Eng) like main engine and auxiliary engine. 

  Mtrip,n = ∑[T ∗ ∑ (𝑃 × L × Fn)𝐸𝑛𝑔 ].  (1) 
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Where (P) is the power of engine in [kW], L is the load factor of engine, T is the operating time 

of ship in [hour], (n) is the type of pollutant, and (F) is the fuel emission factor in [g/kWh]. The 

emission factors for NOx, Sulfur oxide (SOx) and CO2 are 13, 0.4, and 485 [g/kWh], respectively for 

diesel electric engine operated with ULSHFO 0.1%S [1]. On the other hand, the emission factors are 

539 g/kWh, 16.4 g/kWh and 3.29 [g/kWh] for CO2, NOx and SOx respectively for conventional 

diesel engine operated with MDO (1%S) [17]. 

Furthermore, the energy efficiency of the case study can be assessed by using the EEDI procedure 

[3]. EEDI can be assessed by calculated the reference value  EEDI ref  through Eq. (2) and the attained 

value EEDI𝑎𝑡𝑡 set by IMO through Eq. (3) and measured in [gCO2/GT-NM] [3,17].   

 EEDI ref  = (
170.84

GT 0.214
) (1 −

X

100
) (2) 

Where, (GT) is the gross tonnage of passenger ship, (X) is the reduction rate set by IMO as follow; 

5% in phase 1 (2015-2019), 20% in phase 2 (2020-2024) and 30% in phase 3 (2025-onwards) [18,19].     

EEDI𝑎𝑡𝑡 =

 (
HLmax.
ηgen.

+
∑ (0.75.MPP(i))n
i=1
ηPTI ∙ ηgen.

) . (CF ∙ SFCAE)

GT ∙ vref.
      

(3) 

The previous equation depends on the electric power during ship cruise in kW (HLmax), the 

efficiency of generator (ⴄgen), the electric propulsion motor power in kW (MPP), the electric 

propulsion systems efficiencies at 75% of the electric motor output rated power ⴄPTI, the fuel 

conversion factors of the consumed fuel to CO2 (CF), the average specific fuel consumption for all 

engines (SFCAE ) at 75% of the maximum continuous rating (MCR) power in [g/kWh] and (Vref. ) 

which is the operational vessel speed in knots. 

Results and discussions 

The environmental performance can be assessed by evaluating the exhaust emission rates per trip. 

The examined emission types are NOx, SOx, and CO2 as these types are related with IMO regulations. 

The assessment process depends on the comparative study between the proposed diesel electric 

propulsion system operated with ULSHFO (0.1% S) and the conventional one operated with MDO 

(1%S), therefore, the different emissions rates can be compared in Fig. 2. The emissions rates are in 

ton/trip as discussed in Eq. (1). As shown in Fig. 2, the conventional diesel engine emitted more NOx 

emission rates than the diesel electric engine as NOx emission have a solid relation with the 

combustion temperature inside the engine and the combustion of MDO (1%S) will produce higher 

NOx rates than ULSHFO [20]. The conventional diesel engine will produce higher SOx emission 

than the diesel electric as SOx emission depends on the sulfur content of the combustion fuel. On the 

other hand, the CO2 emission rates in two options are very closely as it depends on the carbon content 

of the fuel, but the diesel electric will produce fewer CO2 emission than the conventional one. 

 
Fig. 8 Exhaust emission rates for diesel electric engine compared with conventional one 
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NOx and SOx emission rates have been compared with the IMO 2016 and 2020 emission-limit 

rates, respectively. The IMO 2020 SOx and tier III 2016 NOx limits are 1.555 kg/min and 2.008 

kg/min, respectively. Fig. 3 shows a comparative diagram between IMO limit and the SOx and NOx 

emission rates for diesel electric propulsion system. It can be noticed that SOx emissions rates for the 

diesel electric engine comply with the IMO 2020 limits because of it use ULSHFO with a little 

amount of sulfur. On the other hand, it can be noticed that NOx emissions from diesel electric engine 

isn’t comply with IMO 2016 limits, therefore, it is recommended to use selective catalytic reduction 

(SCR) technique which can reduce NOx emission rate from the proposed diesel electric engine by up 

to 90% [1]. 

 
Fig. 9 IMO NOx and SOx emissions for the DE and COGES propulsion options 

Finally, the energy efficiency can be assessed by the calculation of EEDI for electric propulsion 

system as recommended from IMO. By conducting the procedure in section 3 to the case study, it is 

shown that the reference EEDI and its value in the three phases can be calculated based on the gross 

tonnage of passenger ship as investigated in Fig. 4.  

 
Fig. 10 Reference EEDI values for passenger ship 

This reference value will be compared with the actual attained EEDI which can be calculated by 

using Eq. (3) based on 22 knots service speed, 3.114 ton-CO2/ton-fuel conversion factor of fuel to 

CO2 and 82,897 gross tonnages. The attained EEDI will be 10.03 g CO2/GT-NM. The relative attained 

EEDI value to the reference value at different phases for the proposed diesel electric propulsion 

system can be described in Fig. 5.  
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Fig. 11 Relative attained to the reference EEDI and the average EEOI values for the case study 

It is shown that, the proposed diesel electric propulsion system will comply with the required IMO 

phases now and in the future as the attained EEDI is about 66%, 70%, 83%, and 95% of the reference 

EEDI value at baseline, phase 1, phase 2 and phase 3, respectively. 

Conclusions 

The present research discusses the electric propulsion system for a passenger ship from environmental 

and energy efficiency point of view. The diesel electric propulsion system operated by ULSHFO 

(0.1% S) is proposed to propel the ship instead of the conventional diesel engine which operated by 

MDO (1% S). The main conclusions from the current paper are: 

• From environmental point of view, diesel electric engine operated by ULSHFO (0.1%S) comply 

with IMO SOx and not comply with NOx emission. Be comparing the exhaust emissions rates 

between diesel electric and conventional engine, it is shown that diesel electric has lower emission 

rates than the conventional one by 10%, 21% and 88% for CO2, NOx, and SOx emission, 

respectively.  

• From energy efficiency point of view, the diesel electric propulsion system enhances the attained 

EEDI and complies with the required IMO values as it is about 66%, 70%, 83%, and 95% of the 

reference EEDI values at baseline, phase 1, phase 2 and phase 3, respectively.  
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Abstract. Sorption-based hybrid vapor compression chillers have been identified as a possible 

replacement for energy-intensive conventional compression chillers. The objective of the current 

work is to evaluate the system performance and the corresponding energy savings of a hybrid 

adsorption-compression chiller. The adsorption chiller works with silica gel/water pair whilst using 

R410A as a refrigerant for a standalone compression chiller. Herein, the computational model is 

verified with the relevant observed experimental data. A parametric study of the proposed system 

with a nominal cooling capacity of 18.5 kW is conducted based on a wide range of driving (55°C to 

95°C), recooling (25°C to 40°C), and chilled (12°C to 18°C) water inlet temperatures. Simulation 

results revealed that introducing a hybrid adsorption-compression chiller could reduce the electricity 

bills by 65.4% at 95°C) compared to 5.6% at the driving water inlet temperature of 55°C. Energy 

savings can be declined to 41.6% at 40°C, compared to energy savings of 65.4% at 25°C. It was found 

that peak energy savings (82.3%) can be attained at a chilled water inlet temperature of 18°C. 

Furthermore, simulation results of R410A are compared against R134a and R600a, revealing that 

R600a presents superior performance. 

Keywords: Adsorption, Energy savings, Hybrid chiller, Refrigerants, Compression chiller 

Introduction 

Cooling and air conditioning applications are a key contributor to electricity usage, which made up 

17% of the global consumed electricity [1]. Thus, enhancing the performance of a compression 

system can share in reducing the exerted electric power. Improving the performance of the 

compression system can be accomplished by decreasing the condensation temperature of the 

compression system [2]. Therefore, using hybrid cooling systems to reduce the intermediate 

temperature can improve the COP of the compression facility [3]. Absorption, adsorption, ejector, 

solid desiccant, and liquid desiccant systems are combined with compression chillers to present 

hybrid cooling chillers. Integration of adsorption units with the compression cycle can reap the 

inherent advantages of the adsorption chillers, such as the operation using low-grade waste heat or 

solar energy [2]. 

 

Several authors have studied the amalgamation of adsorption chillers with standalone compression 

cycles [4]. Vasta et al. [5] performed experimental work on an adsorption cascaded compression 

chiller. Their results indicated that isobutane and propane seemed viable alternatives for R717, R744, 

and R410A. Palomba et al. [6] examined series, parallel, and cascade connections by examining 

various layouts of adsorption-assisted hybrid compression chillers. Their findings showed that the 

attainable energy savings of a hybrid chiller might be enhanced in higher temperature lift for the 

compression subcycle.  
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The combination of an adsorption chiller and a standalone chiller can benefit from (i) operating at 

lower evaporating temperatures than adsorption systems, (ii) operating at lower heat source 

temperatures without a significant performance loss when compared to adsorption chillers, and (iii) 

lowering electricity bills by utilizing hybrid chillers relatively with standalone chillers. In summary, 

the current work focuses on analyzing system credibility on the basis of driving, recooling, and chilled 

temperatures utilizing multiple refrigerants using lumped parameter models (R410A, R134a, and 

R600a). 

Working principles 

Fig. 1 demonstrates a typical illustration of an adsorption-assisted cascaded compression chiller. The 

indicated system comprises two main subsystems: (i) adsorption chiller and (ii) compression chiller. 

On the one hand, the adsorption chiller comprises mainly four principal parts; desorber, adsorber, 

condenser, and evaporator. Desorber and adsorber work as thermal compressors [7]. On the other 

hand, the compression chiller encompasses a compressor, a condenser, an expansion device, and an 

evaporator. Amalgamations of such two systems can share in reducing the intermediary temperature 

between these two subsystems.  

 

 

Fig. 1 Layout of adsorption-integrated compression chiller. 

Mathematical modeling 

The mathematical modeling of a adsorption-integrated compression chiller is presented as follows: 

Adsorption system modeling 

The mathematical modeling of the silica gel-based adsorption chiller is based on solving 

simultaneously the adsorption isotherm, the adsorption kinetics, mass, and energy balance of the 

system’s major components, namely, an adsorber, adsorber, a condenser, and an evaporator. Main 

operating parameters and constants are invoked from ref. [8]. 
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The vapor compression cooling system is simulated using lumped parameter modeling of the heat 

exchanger of the system per se. Additional information about the modeling can be found in ref. [9]. 

Performance indicators 

The performance of the proposed chiller is examined using the COP and energy saving as below: 

{
 

 𝑪𝑶𝑷 =  
𝑸𝒆𝒗𝒂,𝑪𝒐𝒏𝒗
𝑷𝒆𝒍𝒆𝒄

𝑬𝑺 = 𝟏 − 
𝑪𝑶𝑷𝒉𝒚𝒃𝒓𝒊𝒅

𝑪𝑶𝑷𝒄𝒐𝒏𝒗

 

 

 

(1) 

Results and discussion 

As shown in Figs. 2 and 3, the mathematical model was confirmed using reported experimental data 

from the literature. The assorted temperatures were then altered from 55°C to 95°C for driving 

temperatures, 25°C to 40°C for recooling temperatures, and 12°C to 18°C for chilled temperatures to 

evaluate the system performance with the resulted energy savings of using such a hybrid chiller. 

Model validation 

The system model is validated against experimental data of refs. [9] and [5]. To ensure the 

mathematical model’s fidelity, the adsorption and compression chillers are separately validated. 

 

  
Fig. 2. Water outlet temperature profiles 

comparison comparison for the simulated and 

experimental data. 

Fig. 3. Comparison between simulated and 

experimental compression performance. 

Transient response of adsorption-integrated compression chiller 

Fig. 4 reveals the temporal histories of the heat transfer fluids (inlet/outlet) temperatures for the 

desorber, adsorber, condenser, cascade condenser, and evaporator of the adsorption-integrated 

compression chiller. The driving temperature is held as 90°C, while the recooling temperature is taken 

as 30°C. The chilled temperature is 12°C for the evaporator of the standalone chiller. Fig. 4 depicted 

that the hybrid cycle is accomplished almost steady-state within three half-cycles. Also, it is worth 

mentioning that the reduction of the cascade water temperature compared with the conventional 

system, which in turn enhances the performance. Also, Fig. 5 depicts the equivalence of the transient-

variant cooling capacity of the adsorption chiller with the variant steady state condensation power of 

the standalone chiller. 
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Fig. 4. Outlet temperature profiles of an 

adsorption-integrated compression chiller. 

Fig. 5. Heat rate variation for the cooling capacity 

of the adsorption chiller and the condensation 

power of the standalone chiller. 

Influence of driving temperature  

Variation of the conventional, hybrid performance, and energy savings are investigated against 

variation of driving temperatures (55°C to 95°C), keeping recooling and chilled temperatures fixed 

at 25°C and 12°C. The coefficient of performance of the hybrid chiller increases proportionally from 

6.9 to 17.7, as the regeneration temperature alters from 55°C to 95°C as depicted in Fig. 6. This is 

because of the dwindling of the adsorption’s evaporator outlet temperature (intermediate 

temperature). The COP of the standalone chiller remained constant at 6.5; this can be attributed to the 

persistent temperature values of secondary fluids. Therefore, introducing an adsorption-integrated 

compression chiller might diminish the electricity bills by 65.4% at 95°C) compared to 5.6% at the 

driving temperature of 55°C as shown in Fig. 7. 

 

  
Fig. 6. Effect of the driving temperature on 

the system performance. 

Fig. 7. Energy savings at different driving 

temperatures. 

Influence of recooling temperature 

By maintaining driving and chilled temperatures constant at 95°C and 12°C, increment of the 

recooling temperature from 25 °C to 40 °C, the conventional and hybrid performance and energy 

savings could be predicted depicted in Fig. 8. It can be perceived that the coefficient of performance 

of the hybrid chiller decreases from 17.7 to 5.7, as the recooling temperature modifies from 25°C to 

40°C. This is due to the decline of the produced cooling capacity of the adsorption chiller, which 

abates the standalone chiller’s waste heat. This feature reduces the intermediate temperature of the 

standalone chiller, diminishing the system performance. Similarly, the coefficient of performance of 

the conventional chiller decreases from 6.5 to 3.7. This might be due to the decrease in the recooling 
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temperature. As a result, Fig. 9 reveals that the energy savings can be declined to 41.6% at 40°C) 

compared to 65.4% at 25°C.   

 

  
Fig. 8. Variation of the recooling 

temperatures with the system performance. 

Fig. 9. Energy savings at different recooling 

temperatures. 

Influence of chilled temperature 

To evaluate the system performance, a varied chilled temperature from 12°C to 18°C. Increasing the 

chilled temperature results in increasing the evaporation temperature of the standalone chiller. 

Therefore, the compression COP increases, and subsequently, the condensation heat decreases 

relatively with the cooling capacity of the adsorption chiller at a constant cooling power of the 

standalone chiller.  Fig. 10 reveals that as the chilled grows from 12°C to 18°C, the compression COP 

escalates from 6.5 to 8.7 while hybrid COP increases from 17.7 to 43. As a result, 65.4% to 82.3% of 

electricity can be saved as the chilled temperature changes from 12°C to 18°C, as demonstrated in 

Fig. 11. 

 

  
Fig. 10. Influence of chilled temperatures on 

the system performance.  

Fig. 11. Energy savings at different chilled 

temperatures. 

Comparisons of different refrigerants 

Fig. 12. depicts the attainable coefficient of performance for different refrigerants, namely, R410A, 

R134a, and R600a with variant driving temperatures (55°C to 95°C). It was found that R600a 

represents a superior coefficient of performance while R410A has lower values of COP. It is worth 

noting that using several refrigerants does not affect the whole system’s energy savings. Therefore, 

hybrid adsorption-compression cooling systems can share in using environmentally benign 

refrigerants without a considerable loss of the system energy savings. 
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Fig. 12. System performance comparison based on different refrigerants.  

Conclusion 

In this paper, a simulation program is developed and proven by observed data in the literature. The 

influence of regeneration, recooling and chilled water temperatures was investigated to inspect the 

system functioning of an adsorption-integrated compression chiller. Based on the simulation key 

findings, the following conclusion can be drawn: (i) As the driving temperature elevates from 55°C 

to 95°C, hybrid COP increases from 6.9 to 17.7 whereas conventional COP is maintained invariant 

at 6.5, (ii) Increasing recooling temperature from 25°C to 40°C, resulting in reducing the hybrid 

system energy savings from 65.4% to 41.6%, and (iii) Superior energy savings (82.3%) can be 

attained at regeneration, recooling and chilled temperatures of 95°C, 25°C and 18°C. 
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Abstract. As International Maritime Organization emission regulations become more rigorous, 

the marine industry is submitting to transformation. As well as managing today’s mounting 

operational costs and achieving cost effective environmental acquiescence, ship owners are faced 

with decisions about technology, fuels and the possibility of enduring their fleet. Moreover, clean 

air and human health awareness during this pandemic gained renovated interest and continues to 

be a key determinant of renewable port activity. The alternative fuels′ debate has been dominated 

by the potential of liquefied natural gas. LNG-fuelled vessels count to approximately 13% of the 

running new build order book and estimates for 2021 and demonstrates continue growth in many 

classifications of society of vessels. This paper studies the environmental and economic 

assessment of using liquefied natural gas liquefied natural gas as a fuel for bulk carrier ships; the 

reduction of air pollutant emissions, such as oxides of nitrogen, oxides of sulphur, particulate 

matter and carbon dioxide by 80.7%, 98.5%, 97.6% and 21.8% , respectively, and annual saving 

damage due to atmospheric emissions per year of 2.27, 11.97, 0.82 and 0.18 million dollars, 

respectively, in addition to saving annual fuel cost of 2.367 million US dollar, compared to 

heavy-fuel oil for marine shipping. These results have been investigated by using low pressure 

dual fuel engine. 

1- Introduction 

The greenhouse gas emissions, which are announced from IMO, are coming more and more into 

common focus [1],and ship owners are now concerned with growing the international shipping 

which is considered the back-bone of world trade by 93% between 2000 and 2018;[2], shipping 

represents 2.5%–3.5% of global CO2 emissions; [3], because of COVID-19, global maritime 

trade immersed by 4.1% in 2020, see fig. 1; [4], with expectations of trade growth to return to a 

positive range by 4.8% in 2021;[5], in addition, ships are responsible for global air pollutant 

emissions, such as oxides of nitrogen (NOx) and oxides of sulphur (SOx) of 6.6% and 4%, 

respectively [6]. with IMO expectations, GHG emissions from shipping industry will grow 

between 50% and 250% by 2050. [7, 8]. Many ships travel in environmentally sensitive areas. 

To do so, their engines need to meet very strngent emission regulations. IMO Tier III, Emission 

Control Area (ECA) and Energy Efficiency Design Index (EEDI) regulations define the limits 

for all vessels sailing in international waters. The global response to the devastating effects of 

pollution and global warming on marine ecosystems is to adopt even tougher rules for emissions 

mailto:Mohamed.elgouhary@alexu.edu.eg
mailto:isibrahim@aast.edu
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to meet IMO expectations which target to reduce carbon emissions by 40% by 2030 and 70% by 

2050, compared to 2008 levels [9]. Fig.2 presents annual carbon-dioxide emissions per vessel, by 

vessel type, 2019. [3] Recently there are numerous technologies that have been implemented to 

reduce emissions [8, 10, 11] such as selective catalytic reduction, exhaust gas re-circulation to 

reduce NOX, Sea water scrubbing, exhaust below water line to reduce SOX, electrostatic filters 

to reduce particulates and closed crankcase ventilation.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 development percentage of international maritime trade and global output, 2006-2020 

 
 

 

 

 

 

 

 

 

 

 

Fig. 2 Annual carbon-dioxide emissions per vessel by vessel type, 2019 

2- Alternative marine fuel overview 

Recent researches reveal that many alternative fuels can be used in shipping. Among the 

proposed alternative fuels for shipping, LNG, methanol, hydrogen (particularly for use in fuel 

cells), and liquefied petroleum gas (LPG) are identified as the most promising solutions [12]. 

All these fuels are virtually sulfur-free and can be used for compliance with sulfur content 

regulations, which is considered to be the most urgent challenge for shipping. They can be used 

either in combination with conventional, oil-based marine fuels, thus covering only part of a 

vessel’s energy demand, or to completely replace conventional fuels for some ships. Despite 

the merit of low sulfur content, many of them have serious issues; for example, biodiesel has 

bad starting in cold weather and causes an increase in NOx emissions [8,13]; other researches 

showed the possibility of using methanol and the emission of aldehyde, vapor lock, cold 

starting, and cost-effectiveness [8, 1]. In addition to these disadvantages, there are some criteria 

that control choosing the suitable alternative fuel, such as adaptability, availability, safety, cost, 

renewability, performance, and environmental impact [1, 10, 11] which recommend hydrogen 

and natural gas see fig. 3, Unfortunately, hydrogen has some safety issues that need resolution; 

it has a low energy density and would need a hydrogen supply infra-structure to make it viable 

for the marine industry [14]. Furthermore, many scientists showed the possibility of using 

natural gas for marine application, either for ship’s powering system [10, 11, 15] or for electric 
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 3- Natural gas characteristics 
Natural gas consumption increased by 78 billion cubic meters (bcm), or 2%, well below the 

exceptional growth seen in 2018 (5.3%). Nevertheless, the share of gas in primary energy rose to 

a record high of 24.2%. Fig.4 shows the distribution of proved reserves in 2019, which are 

generally taken to be those quantities that geological and engineering information indicates with 

reasonable certainty can be recovered in the future from known reservoirs under existing 

economic and operating conditions. From the graph, Africa shares with 7.0% from total 

distribution and Egypt with 1.1% (2.1 Trillion cubic meter, 32.9 reserve/production ratio) [16]. 

 

 

 

 

 

 

 

 

Fig. 4 LNG distribution of proved reserves in 2019 

5- Case study:  

This study discusses both the environmental and economic assessment of using liquefied natural 

gas (LNG) as a fuel; the chosen bulk carrier ship is Wadi Safaga that belongs to a national 

navigation company, which is considered the largest shipping Egyptian company specialized in 

shipping dry cargo among the world's largest ports. Table1. ship principals. 

generation, using fuel cells [13]. This means that it is highly likely that natural gas comes at the 

top of list as an alternative marine fuel in the near future. 

 

Fig. 3 weighting matrix chart of alternative marine fuels 
 

Ship name WADI SAFAGA 

Flag EGYPT 

IMO NO. 9460734 

L.P.P. /  Molded Breadth 229 m / 32 m 

Port of registry  Alexandria 

Fuel consumption per year 11579.3 ton 

Main engine STX-MAN B&W 7S50MC-C, 11060 KW @ 127 RPM 

Build 2010  

Gross tonnage 43736 
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6-Environmental and economic assessment 

This section introduces the methodology applied to assess the environmental impacts of the ship 

with a focus on the most influential pollutants on the environment, such as CO2, NOx, SOx, and 

PM with emphasis on the calculations, and, the methodology applied to assess the economic 

benefits of the conversion process from diesel to dual-fuel engine. 

6.1 Environmental assessment 
Calculating quantity of gaseous emissions from diesel and dual fuel engines is considered the 

main crucial factor for environmental benefits evaluation. Calculating the quantity of gaseous-

emissions from The Environmental Protection Agency (EPA) inventory method thereby includes 

defining the input parameters related to the type of vessel, the type of fuel consumed and the 

mode of operation. Consequently, the emission quantity can be estimated using the following 

formula [11]:  E =P x LF x efd x t  where ‘‘E’’ is the emission quantity (g), ‘‘P’’ is the engine 

power at MCR (kW), ‘‘LF’’ is the load factor (85%), ‘‘efd’’ is the emission factor (g/kWh) in 

diesel mode and ‘‘t’’ is the engine running time (hr). By substituting the average HFO and LNG 

for two stroke diesel engines [17, 19] at the same power and running hours, it was possible to 

estimate the environmental benefits due to shifting from HFO to LNG (in case of dual-fuel 

engine). Figure 7 shows the results of this estimation. It is clarified that from these results that 

the shift from HFO to LNG has led to reduction in (NOx), (SOx) , (PM) and (CO2) by 81.5%, 

98.6%, 97.7% and 25%, respectively. 

 Table 2 Emission factors g/kwh 

Emission g/kwh Diesel Dual fuel 

CO2 549 412 

NOx 14.5 2.68 

Particulates 0.44 0.01 

SO2 11.73 0.17 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Emissions reduction due to dual fuel engine. 
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Because the ship does not have a regular line, it sails among the world's largest ports almost all 

the year. From the ship owning company, the total days at sea are 250 days a year. Table 3 shows 

the environmental benefits of the conversion from diesel to dual fuel engine, lower emissions of 

CO2 (24.95 per cent), NOX (81.5 per cent), PM (97.7 per cent) and SO2 (98.55 per cent). These 

results match the ones that are reported in reference [6, 10].  

Table 3 the environmental benefits of the conversion from diesel to dual fuel engine: 

 

6.2 The progress in analysis of environmental damage 

 In the past two decades, there has been much progress in the analysis of environmental 

damages; the results provide substantial evidence that the classical air pollutants (CO2, particles, 

NOx and SO2) from the combustion of fossil fuels impose significant damage costs. The costs of 

global warming from the emission of greenhouse gases are also large. We present results of the 

damage costs per ton of emitted pollutants for typical conditions in UK. [21, 22]. Table 4 the cost 

of damage due to atmospheric emissions (million dollar /year) and the reduction due to the 

conversion process. 

From table 4, we can deduce that the reduction cost of damage due to atmospheric emissions 

percentage in CO2, NOx, SO2 and particulates is as follows: 12.34%, 81.52%, 97.73% and 

98.55%, respectively. 

 

Pollutant Engine mode Cost of damage in MUSD Reduction in MUSD 

CO2 diesel 1.47 
0.18 

 NG 1.29 

NOx diesel 2.79 
2.27 

 NG 0.52 

PM diesel 0.84 
0.82 

 NG 0.02 

SO2 diesel 12.15 
11.97 

 NG 0.18 

6.3- Economic assessment 

Recent researches claim that NG can be stored on ship, either compressed with density 0.19 

ton/m3 at 250 bar in steel bottles or liquefied temperature -162Co with density 0.45 ton/m3 at 1 

bar, in a cylindrical cryogenic tank that is made from arm-reinforced plastic, which typically 

sustains pressure from 0.3 to 10 bar. But owing to the higher quantity of NG used during the trip 

in this case study, it will not practically possible to store in compressed form. This means that 

there is a priority to use the liquefied natural gas [1, 6, 10]. From our case study it requires 

290.7m3 of NG, equivalent to each cubic meter of diesel oil. As we mentioned above, the ship 

has not got a regular line so it is prepared for 1262 hours of sailing that needs 2127.4 m3 of LNG 

during this period, so we need two tanks, each with 20m length x8.25m diameter and 5mm wall 

Pollutant Engine mode Emission / trip (ton) Emissions / year(ton) Reduction ton/year 

CO2 diesel 6384.34 30966.89 7727.62 

 NG 4990.43 23239.27  

NOx diesel 168.62 817.89 666.72 

 NG 32.46 151.17  

PM diesel 5.12 24.82 24.25 

 NG 0.12 0.56  

SO2 diesel 136.41 661.64 652.05 

 NG 2.06 9.59  
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thickness, which was obtained from equation:  ; where r is the tank radius, P is the operating 

pressure 4.14 bar, F is the tensile strength 1029 MPa and E is the safety factor taken to be 3. To 

convert from diesel to dual fuel engine, diesel fuel and LNG consumption per year will be 121.9 

and 10113.7 ton respectively, so we can deduce that LNG offers a lower energy cost per cubic 

meter, against heavy fuel oil by nearly 40% because it contains more energy for the same power. 

Table 5 displays operational costs of diesel engine, average price of diesel in the end of 2020 was 

349.5$/ton (source [23, 24]). More over diesel fuel bunkering is 3.5$/ton; we get oil lubrication 

quantity for system and cylinder from reference [27], whereas the cost of maintenance, repair and 

oil lubrication cost from the company that owns the ship. Table.8 explains operational costs of 

Dual fuel engine, average price of LNG in the end of 2020 was 304$/ton [25], price of Main 

engine, Gen-sets, LNG tanks, Gas system , maintenance & repair (M&R) cost and gas storage & 

vaporization (M&R) cost were obtained from Wartisla company and [26]. Design price was 

obtained from reference [28], shipyard installation, the information was obtained from Alexandria 

Shipyard-Egypt (around 10000hrs with labor cost 25$/hr). From Table 5, we get total annual 

savings operational costs million USD, with reduction 47.4% (Fig.8). For the assumption that the 

average maximum ship age is 28 years and that it was launched ten years ago, so the expected 

reaming ship saving after conversion for the expected remaining ship life with different value of 

interests (MUSD/year), the yearly capital cost recovery is 2.04 million $ per year at an interest 

rate of 10%. At the end of the ship life cycle, the total annual saving for using DF engine equal 

24.62M $.      Table 5.  Diesel engine economy 

Table 6. Dual Fuel engine economy 

capital costs in MUSD 

Supply 10.45 

Design 1 

Shipyard installation 0.25 

Total capital costs 11.7 

Operational costs/trip Operational costs/year 

 M$ $/ton Ton  

Gas fuel 0.291 304 957.34 1.3836 

Gas fuel Bunkering 0.029 30.4 957.34 0.1384 

Diesel fuel 0.0076 349.5 21.8 0.0362 

Diesel fuel bunkering 0.00007 3.5 21.8 0.0004 

Oil 0.027 2203.50 12.41 0.1300 

Maintenance & Repair 0.05125   0.4095 

Gas storage & vaporization 0.00236   0.1672 

Total operational 0.4087   2.2652 

Operational costs/trip (M$) Operational costs / year in  

 M$ $/ton ton  

Diesel fuel bunkering 0.008 3.5 2339.2 0.039 

Diesel fuel 0.818 349.5 2339.2 3.887 

Oil 0.027 2203.50 12.41 0.130 

Maintenance & repair (M&R) cost 0.05   0.250 

Total 0.906   4.31 
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Fig. 10 Annual fuel saving after conversion for the expected remaining ship life with different 

value of interests (MUSD/year). 

The total annual fuel cost for diesel and dual-fuel engines are US$ 3.926 million and 1.5585 

million US$, respectively; therefore, the annual fuel saving cost equals 2.36 million US$ By 

assuming that the remaining ship age is 18 years, the total annual saving for using dual-fuel 

engines will be 21 million US$, assuming 3% fuel price increment. From equations: CA= Ci 

CRF , where CA is the annual cost and Ci is the capital cost. CRF is given by, where N is the 

expected ship working year after conversion. Figure 11 reveals the relationship between annual 

cost conversion and expected reaming ship life, for example, with 12% interest, the minimum 

working years to recover the conversion cost is close to 10 years, and due to this case. 
 

 

 
 

 

 

 

 

 

Fig. 11 the relation between annual cost conversions and expected reaming ship life  
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7. Conclusion  

With demonstrating liquefied natural gas and its ability as an alternative fuel to reduce 

environmental emissions such as oxides of nitrogen (NOx), oxides of sulphur (SOx) , particulate 

matter (PM) and carbon dioxide (CO2) by 80.7%, 98.5%, 97.6% and 21.8%,  respectively, and 

annual saving damage due to atmospheric emissions per year of 2.27, 11.97, 0.82 and 0.18 

million dollars respectively as well as saving annual fuel cost of 2.04 million US dollar 

compared to heavy-fuel oil (HFO) for marine shipping, there is no wonder to take on  liquefied 

natural gas as a top of the list fuel in marine shipping.  
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Abstract. Membrane distillation is a thermally driven technique which mainly depends on the 

difference in temperature between the hot (saltwater) and cold (pure water) on both sides of the 

membrane. The current work presents the effect of aspect ratio on the whole performance of direct 

contact membrane distillation system. The effect of performance parameters (i.e., feed inlet 

temperature and flow rate) on the system performance is also introduced to highlight the key operating 

conditions. The selected performance parameters in the current study were the overall thermal 

efficiency and system productivity. Ansys 2020 software was used for the numerical simulation 

process, which solved the governing equations using finite volume method. The numerical model was 

validated with experimental work from literature. The results show that the minimum aspect ratio has 

the highest performance; for instance, at feed inlet temperature and feed flow rate of 80 °C and 1800 

ml/min, respectively, the permeate flux was 36.3 kg/m2 h at the minimum aspect ratio, whereas it 

produced 26.9 kg/m2 h at the highest aspect ratio. Moreover, feed inlet temperature and flow rate 

were noticed to considerably affect the whole system performance. Overall, the maximum system 

productivity was noticed at the minimum aspect ratio, highest feed inlet temperature and highest flow 

rate. 

Introduction 

The freshwater shortage all over the world is the motivation key for developing new techniques 

for water desalination and improving it to attain the optimum performance. Membrane distillation 

(MD) process mainly depends on the vapor pressure difference (i.e., the driving force), as a 

consequence of temperature difference across the membrane surfaces [1]. This technique has a 

noticeable lower operating pressure compared to other techniques. There are four types of membrane 

distillation, amongst the most popular type is the direct contact membrane distillation (DCMD) [2]. 

The major design of the system is composed of two flow channels separated by a hydrophobic porous 

membrane. 

Recently, there are a lot of improvements for the MD system to be competitive with other 

desalination techniques. Integrating MD with solar energy was proposed and studied for simultaneous 

fresh water and electricity generation [3–5]. Fabrication of new membranes was also introduced to 

improve the productivity of the system via improving the membrane hydrophobicity and porosity [6]. 

Additionally, spacer could be used in the feed channel to promote evaporation and consequently 

improve the system performance and productivity [7, 8]. The effect of working factors such as 

saltwater temperature on the system performance were well investigated [9]. 
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For sustainable fresh water production a HCPV with active cooling [10, 11] ,using water as a 

coolant, could be utilized to supply electric power and hot water, which totally enhance the unit’s 

economy.  

The aim of the current work is to introduce the effect of aspect ratio of the membrane on the overall 

operation of the system. A three-dimensional model was designed to study the effect of membrane’s 

aspect ratio besides the system operating parameters (i.e., feed inlet temperature and flow rate) on the 

system performance. Ansys fluent 2020 software was used for the simulation process. The originality 

of this research is divided into two aspects, the first one is the investigation of aspect ratio and 

operating parameters for DCMD, and the second aspect is the designed model for simulation which 

could be modified for any further improvements. 

Model description 

The current study is considering DCMD type, which composed of two flow channels separated by 

the hydrophobic porous membrane. The effect of aspect ratio, which is defined as the ratio of channel 

length to channel width, on the system performance is introduced numerically. Fig. 1 shows the 

proposed system with defining the channel’s length and width. 

Governing equations. Mass, momentum, energy equations are controlling the proposed system, 

and these governing equations are as follows: 

Mass conservation: 

∇. V⃗⃗ =
MS

ρ
 .                                                                                                                                      (1) 

Momentum conservation: 

ρ(V⃗⃗ . ∇)V⃗⃗ = −∇P + μ∇2V⃗⃗ .                                                                                                             (2) 

Energy conservation: 

V⃗⃗ . ∇T =
∇2T

α
+

ES

ρ
.                                                                                                                           (3) 

where V⃗⃗ , P, ρ, μ, T and α are velocity vector, pressure, density, dynamic viscosity, temperature, 

and thermal diffusivity, respectively, whereas MS  and ES  are the mass and energy sources, 

respectively. 

 
Fig. 1 Schematic drawing for the proposed system. 
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System performance parameters. The most important performance parameters used in this 

technique is the permeate flux and system thermal efficiency. The former is measuring the amount of 

pure water produced per membrane’s unit area per unit time, while the latter is calculating how much 

energy is consumed for evaporation process (which is favorable) out of the total energy consumed. 

Permeate flux could be calculated as follows [12]: 

J = ω(Pv
f − Pv

p
).                                                                                                                             (4) 

And the thermal efficiency could be expressed as follows [13]: 

𝜂 =
JAΔH

𝑚̇𝐶𝑝(𝑇𝑓𝑖−𝑇𝑓𝑜)
                                                                                                                             (5) 

Numerical solution. A three-dimensional model was designed using Ansys 2020 software, then a 

reasonable boundary conditions were set on the system boundaries, then a mesh dependence test was 

performed, and finally the model was validated with [14]. Fig. 2(a) shows the mesh dependence test 

with selected number of cells of 500,000 element, and Fig. 2(b) shows the model validation with the 

experimental work of [14] with very good agreement. 

  
Fig. 2 (a) Mesh dependence test result, and (b) Model Validation with [14]. 

Result and discussion 

The response of the system performance to the change in saltwater temperature is illustrated in 

Fig. 3(a) and (b), respectively, at different aspect ratios. It could be seen from the figures that feed 

inlet temperature is positively affecting both permeate flux and thermal efficiency, and this is a 

consequence of increasing the process driving force. Furthermore, increasing the aspect ratio has a 

negative effect on the overall performance as could be noticed form Fig. 3(a) and (b). The concept 

here is that, increasing the aspect ratio allows more heat to be transferred and hence decreasing the 

temperature difference, which consequently decreasing the driving force. 
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Fig. 3 Effect of Saltwater temperature on (a) the permeate flux, and (b) efficiency, at different aspect ratios. 

The impact of fluids’ flow rate on the system performance parameters is presented in Fig. 4(a) and 

(b), respectively, at the highest studied feed inlet temperature (80 °C) and different aspect ratios. 

Increasing the feed flow rate has a significant effect on the produced pure water, for instance, rising 

the flow rate from 300 to 2400 ml/min has increased the permeate flux from 21.5 to 33 kg/m2 h, 

respectively. On the other hand, increasing the flow rate is slightly increasing the thermal efficiency, 

this is because both the useful and consumed heat is increased (numerator and denominator), and the 

increase in numerator is higher than that of denominator, therefore according to Eq. 5 the efficiency 

is slightly increased. The effect of aspect ratio has the same trend as that illustrated in the previous 

paragraph. 

  
 

Fig. 4 Impact of flow rate on (a) permeate flux, and (b) efficiency, at different aspect ratios. 

Fig. 5 shows the temperature contours at the membrane/feed interface for the different studied 

aspect ratios. The contours sections are scaled for comparison purpose. As could be seen from the 

figure, increasing the aspect ratio has reduced the red colored area (highest temperature), and so the 

temperature difference on the two surfaces of the membrane has been reduced. This effect has reduced 

the driving force and then it negatively affected the whole system performance. 
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Fig. 5 Temperature contours at membrane/feed interface at all studied aspect ratios. 

Conclusion 

The current work is numerically investigating the impact of aspect ratio, saltwater inlet 

temperature, and flow rate on the overall performance of DCMD. Aspect ratio has a negative effect 

on system productivity and efficiency at any operating conditions as it generally decreases the driving 

force. Furthermore, increasing feed inlet temperature and feed flow rate has a positive effect on the 

system performance as it increased the permeate flux and thermal efficiency. Finally, it is 

recommended for the designer to manufacture a cell that could incorporate membranes with small 

aspect ratio. 
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Abstract. Climate changes are a major problem that directly affect agricultural economy since lead 

to increase  the crop water requirements for major crops.  The present study aims to analyse the 

impact of climate change on crop water requirements for different crops irrigated in Zanzibar Island 

in the long term.  Zanzibar Island is a part of the United Republic of Tanzania, located offshore 

Tanzania mainland coast. The current study is conducted to estimate crop evapotranspiration (ETc) 

as well as crop water requirements (CWR) of rice, banana, tomato, watermelon and maize crops. For 

this purpose, data of Kizimbani station is used during the period (1983-2013) based on the observed 

climate data and period (2020-2100) based on Representative Concentration Pathways (RCPs), RCP 

4.5. The delta change was applied to obtain the corrected value both future temperature and 

Precipitation using CMHyd software. The CWR for the different crops was both computed using 

CROPWAT 8.0. Zanzibar will be affected by climate extremes which leads to large climate 

variability with heavy precipitation and dry periods. These changes will affect precipitation trends 

and water management issues for floods and droughts. Future temperatures are projected to rise on 

Zanzibar with increases of 1.3 to 2 °C by the 2050s and 1.8 to 3.1°C by the 2100 relative to the 

baseline period (1983–2013). The sum  CWR volumes for rice, banana, tomato, watermelon and 

maize will increase by  13.05% and 28.6% by  2050 and 2100 in average respectively  . 

Introduction 

Climate changes will accelerate the global hydrological cycle, with increase in the surface 

temperature, changes in precipitation patterns, and evapotranspiration rate. The magnitude of 

climatic changes including variations in temperature and rainfall differs in various parts of the world 

[2]. Changes in temperature and precipitation patterns as consequence of the increase in 

concentrations of greenhouse gases may affect the hydrology process, availability of water resources, 

and water use for agriculture, population, aquatic life in rivers and lakes, and hydropower. The 

shortage and excess of crop water availability affects the growth and development of the plants, 

yields production and quality of produces. This leads to, mostly increase of evapotranspiration rate 

which in turn increase crop water requirements (CWR.).  

General circulation models (GCMs) are currently the most widely used tools for simulating the 

global 

climate system response to increase greenhouse gas concentrations, as well as for estimating the 

climate variables on a global scale. For evaluation of the atmospheric composition, a set of possible 

future scenarios  are illustrated such as, Representative Concentration Pathways (RCPs) were 

adopted [3,4]. The RCPs form a set of greenhouse gas concentration and emission pathways designed 

to support research on impacts and potential policy responses to climate change[4,5]. On the basis of 

multi-gas emission scenarios, it is used four RCPs (i.e. RCP 8.5, 6, 4.5 and 2.6) for various impact 

studies. IPCC (2013)[1] reported that under RCP 8.5 the all changes in the mean annual temperature 

exceeds 2°C in the middle of this centurycompard to baseline period of 1990.  

Makame, (2015) showed that most of east coast area in Zanzibar received low rainfall which led to 

shortage yield production for example in 2010 to 2011 more than 7000 people at Micheweni did not 

have enough food  due to rainfall fluctuation. 
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Zainab Hassan Moyo, (2013)[6] studied vulnerability of rainfall rice producing households to 

climate change and variability. It was found that   an annual increase in temperature of approximately 

0.025. The  historical return period of extreme flood occured of different years 1972 to 1984 and  

1985 to 1990 , and drought  condition due to climate variability in the year 1964 to 1972 and 1990 to 

2000. These factors hindered the decline of clove production and supply in the world market from 

80% in (1970s) to 7%. 

It is clearly from  the above  review of literature that the climate in Zanzibar has undergone a marked 

change. Thus, the agriculture sector is likely to suffernfrom water stress. Therefore, the objective of 

the present paper is to evaluate the impact of climate change on reference evapotranspiration and 

CWR of rice, banana, tomato, watermelon and maize crops in Zanzibar Island due to data collected 

fron Kizimbani station. 

STUDY AREA 

Zanzibar is an island of the United Republic of Tanzania, which located in the Indian Ocean 

approximately 30 km east of the Tanzania mainland. The island is located between latitude 4°50' and 

6°30' South, and longitude 39°10' and 39° as shown in  Figure 1. Zanzibar has a tropical climate with 

average temperatures that are quite constant throughout the year. It has relatively high levels of 

average precipitation, and it is exposed to strong rains in March to May, with shorter rains in 

November and December. The dry season lasts from June to October. 

 
Fig.1  Location map of Zanzibar, cited in Sheha, (2009). 

 

Data and Methodology 

According to Tanzania Meteorological Agency (TMA), Zanzibar Zonal Office, Zanzibar has a 

tropical climate with annual rainfall of on average 1600 mm and 1900 mm for Zanzibar and Pemba, 

respectively. The climate of Zanzibar is dominated by two rainy seasons Masika and Vuli with drier 

periods in between. Masika is the main and long rainy season extends from the end of March to May 

and is responsible for most of the total annual rainfall. The highest rain is recorded in the month of 

April while from end of May until early November is the dry season. In the other hand, Vuli has short 

rainfall in the months of October to December. Figure 2 gives an average of monthly rainfall for 

Kizimbani station  for the period (1981– 2013). 

According to the information collected from Tanzania Meteorological Agency, Zanzibar Zonal 

Office shows that, the monthly maximum temperature ranges from 28ºC during the coldest month 

(May - July) to 32ºC during the hottest month of February. The mean monthly minimum temperature 

ranges from 19ºC during the month of September to 23.4ºC during the hottest month of April. The 

average monthly temperature of Zanzibar range from 1983 to 2013 is shown in the Fig 3.   

Based on the observed data, it is concluded that there is strong observational data to show that the 

climate of the Zanzibar is changing. Temperatures have been rising over the last thirty years in 

Zanzibar Island, with a strong increase in average and maximum temperatures. 
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Fig 2  rainfall for Kizimbani station from 1981 to 2013 

 

 Fig 3 Max and Min Temperature for Kizimbani station from 1984 to 2013 
 

The increases are highest in the months December to May and the highest temperature recorded on 

the island was in  at over 39 degrees in 2007 . The changes in rainfall are complex, and there does not 

appear to be a simple precipitation trend across the islands. However, there are some indications of 

change in rainfall variability, and there have been higher rainfall intensity events recorded in recent 

years. There are observational trends of increasing wind speeds on the islands over the last 20 years, 

with an increasing tendency to extreme wind events. 

The main goal of the International Coordinated Regional Climate Downscaling Experiment 

(CORDEX) Initiative, sponsored by the World Climate Research Program (WCRP), is to fill this gap 

in a selection of pre-defined domains. Practically, the CORDEX data are obtained by downscaling 

with a Regional Climate Model (RCM) the outputs of a GCM embedding the simulation domain and 

used as a driving model. In the current paper climatic data performed in the frame of 

CORDEX-Africa with different combinations of GCMs and RCMs are used. Several meteorological 

data including precipitations and daily max and min temperatures are available in four different runs: 

Historical for the 1950–2005 period and the RCP45 scenario for the 2006–2100 period. For the 

evaluation runs, it is used RCM (RCA4) and for the future period combinations of this RCM with 

GCM (ICHEC-EC-EARTH). The model was run over an African domain covering the Ethiopian 

territory with a horizontal resolution of 0.44o. The results of the simulations were downloaded from 

the website of the Earth System Grid Federation (https://esg-dn1.nsc.liu. se/projects/cordex/).  

A comparison of the baseline data from GCM under RCP 4.5 with the observed data of Kizimbani 

station from 1983 to 2013 was carried out. To get a reasonably accurate estimate of future 

temperature and precipitation, for the calculation of future, ETo and CWR, was considered essential 

to apply bias correction to the temperature and precipitation data. For bias correction of temperature 

and precipitation data, the delta change was used [21]. The data were downloaded in Net CDF file 

format and extracted by a tool called CMhyd.). It was designed to work with the CORDEX data 

archive, which provides downscaled regional climate model data.  

RESULTS AND DISCUSSIONS 

The future climate model projections of climate change on Zanzibar are to explore the potential 

future trends and risks. The rainfall regime of Zanzibar will change but the projections vary. After 

bias correction, results are shown in Fig .4 and Fig. 5. 
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Fig. 4 rainfall for Kizimbani station from 2020 to2100 

 

 
Fig. 5 Max and Min Temperature for Kizimbani station from 2020 to2100 

 

It can be noticed that, Rainfall is projected to increase in future climate in almost island under RCP 

4.5 emission scenario. Zanzibar will be affected by climate extremes which leads to large climate 

variability with heavy precipitation and dry periods. These changes will affect precipitation trends 

and water management issues for floods and droughts. There are consistent trends projected of 

increasing rainfall during the Mar-May wet or rainy season, and an increase in January and February. 

There is also a trend of decreasing rainfall during the dry season (June – October). It should be noted 

that the relative humidity ranges from 70% to 85% during the period 2020 to 2100. 
 

      Estimation ETc Using Cropwat 8.0 Software.The increase in temperature was believed to 

contribute to an increase in evapotranspiration which can result in high amount increase CWR and 

decrease in crop water available. Therefore, to calculate the predicted increase or decrease in crop 

water requirement for the crops in Zanzibar, the types of crops and cultivated area for each crop must 

be identified. The different crops with the irrigation area for each crop as well as the growing stages 

for different crops and values of Kc, obtained from FAO database for each crop, at different growing 

stages for various crops also are shown in Table1. 

Kizimbani future data station were used to calculate Crop water requirements  from 2020 to 2100 

using Cropwat 8.0 software. For rice maximum crop water requirement was 797.1mm found in the 

year 2091  and minimum CWR was 573.5mm found in the year 2100. The variation of higher water 

demand for rice crop in  717.8mm in the year 1993 means evaporation loss was more, low humidity, 

higher wind speed and shortage of effective rainfall. These factors influence higher amount of water 

needed to compensate in order to sustain water required for rice production. For banana; mximum 

and minimum CWR were 1226.1mm and 924.5mm calculated in the year 2069 and 2020 

respectively. For tomatoes maximum and minimum crop water requirement were 663.2mm and 

488.4mm were calculated in the year 2100 and 2025 respectively. For watermelon and maize 

maximum CWR was 476mm and 493.5mm in the both year 2100 respectively and minimum CWR  

was 348.1mm and  341mm both in the year 2025 respectively 

Based on the corrected future climate data by Bias, Cropwat 8.0 software is used to estimate the 

forcasting ETc up to2100 . Average ETc values for different selected years is shown in Fig 6 
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Table 1 Area, planting, harvesting dates, crop growth period and Kc  for different crops in Zanzibar Island 

Crop 
type 

 
 

Irrigated  
Area (ha) 

 
 
Planting 
date 

 
 
Harvesting 
date Yield 

response 

Critical 
depletion 
fraction 

Crop Growth Periods(days) 
Crop growth stage coefficient 

(Kc) 

Initial 
crop 

dev 

Mid 

season 

Late 

season                    

initial 

stage 
deve  mid late 

Rice 8000 January April 1.1 0.2 20 30 40 30 1.1 1.05 1.2 1.05 

Banana 3000 January August 1 0.55 60 60 75 45 1 1 1.2 1.1 

Tomato
es 

2500 January May 
1.05 0.4 30 40 45 30 

0.6 0.6 1.2 0.8 

waterm
elon 

2000 January April 

0.81 0.6 25 35 40 20 0.5 0.5 1.05 0.75 

maize 500 January May 
0.8 0.8 20 35 40 30 0.3 0.3 1.2 0.35 

 

 
 

Fig. 6 Future ETc for rice, tomato, banana, watermelon and maize through 2020, 2050 and2100 

 

Future Crop Water Requirement in Volumes. Considering a pilot area of 100 ha cultivated 

with 50 ha rice, 15.5 ha tomato, 19.0 ha banana, 12.5 ha watermelon and 3.0 ha maize, the future 

CWR for each  crop  is given in table 2 for the years 2050 and 2100. The total CWR for all crops 

is 31.17  x 105 m3  and 30.82 x 105 m3, or  0.3117m3 /ha  and 0.3082 m3 , for 2050 and 2100 

,respectively 

 
Table  2  Future Crop water requirement in volume in Kizimbani station  data based on 2050 and 2100 

Month Rice Tomato Banana Watermelon Maize  Rice Tomato Banana Watermelon Maize  

 month/ 100 ha  X 105  /     m3       2050 month/ 100 ha  X 105 /     m3       2100 

Jan 1.581 0.806 1.643 0.744 0.496 1.581 0.868 1.43 0.744 0.000 

Feb 1.42 0.957 1.653 1.015 1.102 1.83 1.334 1.68 1.334 0.256 

Mar 1.12 0.837 1.767 0.992 1.085 1.80 1.736 1.71 1.612 0.697 

Apr 1.53 1.44 1.38 1.29 1.2 1.47 1.53 1.53 1.26 0.026 

May 0 1.023 1.519 0 0.558 0 1.023 1.30 0 0.000 

Jun 0 0 1.44 0 0 0 0 1.35 0 0 

Jul 0 0 1.271 0 0 0 0 1.36 0 0 

Aug 0 0  0 0 0 0 1.36 0 0 

Sep 0 0 0 0 0 0 0 0 0 0 

Oct 0 0 0 0 0 0 0 0 0 0 

Nov 0 0 0 0 0 0 0 0 0 0 

Dec 0 0 0 0 0 0 0 0 0 0 

Total 5.65 5.063 11.975 4.041 4.441 6.68 6.49 11.72 4.95 0.98 

∑. Vol./100ha 31.17 30.82 

∑. Vol./1ha 0.31 0.30 

 

2020 2050 2100

rice 16.9 18.7 22.1

tomato 16.7 18.8 21.4

Banana 30.9 39.3 38.5

watermelon 12.9 13.4 16.4

10

20

30

40

50

ET
c 

(m
m

) 

Etc for Kizimbani station 
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. 
 

Conclusions 
 

The present paper is intended to estimate, temperature (T), Rainfall (P), reference evepotranspiration 

(ETo) and in turn Crop Water Requirements (CWR) during (2020-2100) under RCPs 4.5 for 

Zanzibar Island, Tanzania state. The overall specific conclusion drawn from the current study 

revealed that:  
 

1- Future temperatures are projected to rise on Zanzibar with increases of 1.3 to 2 °C by the 

2050s and 1.8 to 3.1°C by the 2100 relative to the baseline period (1983–2013). 

2- There are trends projected of increasing rainfall during the wet season (Mar-May), and an 

increase in January and February with extreme floods. There is also a trend of decreasing 

rainfall during the dry season (June – October) with occurring drought periods. 

3- During the rainfall season, the temperature will decrease and the humidity will increased.  

Due to the rising humidity, the estimated evapotranspiration will decrease in the future. 

4- Probable floods might occur in the periods 2024, 2057 to 2061 and 2092 to 2095.  

5- Overall, The CWR volumes for rice, tomato,  banana, watermelon and maize is projected to 

increased by 10.72%, 12.68%, 27.31%, 3.99%, 2.87% and 30.88%, 28.20%, 24.63%, 

27.38%, 23.93%  respectively by 2050 and 2100 respectively . relative to the baseline year 

2020. 

6- The sum of CWR for the identified crops will be increase by 12.6% and 28.7% by  2050 and 

2100 years, respectively, compared  to those culculated for the year 2020. 
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Abstract. Environmental issues, for example, the expanded air pollutant emissions from ships are 

progressively affecting the operation of ships. Therefore, International Maritime Organization (IMO) 

has adopted many goals to decarbonizing the shipping industry by at least 40% by 2030. Marine fuels 

play a major role in these goals because of the emissions resulting from the combustion process. 

Therefore, the present research proposes to convert the conventional engine operated by marine diesel 

oil (MDO) to a dual-fuel engine operated by either natural gas (NG) or methanol. As a case study, 

A15-class container ship is investigated. The results showed that the dual-fuel engine operated with 

(98.5% NG and 1.5% MDO) will reduce CO2, SOx, and NOx emissions by 28%, 98% and 85%, 

respectively when compared with their values for conventional diesel engine. On the other hand, the 

reduction percentages reach to 7%, 95% and 80% when using a dual-fuel engine operated with (95% 

Methanol and 5% MDO), respectively. The proposed dual-fuel engines operated by either NG and 

methanol will imrove the ship energy efficiency index by 26% and 7%, respectively. 

Introduction 

Currently, there are several legislations in addition to many goals adopted by the International 

Maritime Organization (IMO) to reduce greenhouse gases (GHG) and achieve a blue economy [1]. 

One of those goals is to reach a 50 percent reduction in the percentage of GHG emitted from ships by 

2050 compared to 2008 [2]. There are several mechanisms that can be followed to reduce GHG from 

ships, include ship design, propulsion systems, alternative fuels [3–6] and renewable energy [7]. 

Among these methods, alternative fuels of less carbon content are considered one of the best ways to 

reduce the GHG emitted from ships. The main alternative marine fuel types may be found in two 

forms: liquid and gaseous fuels. Liquid marine alternative fuels include Methanol, Ethanol, and Bio 

liquid fuel. On the other hand, the main alternative gasses fuels include Natural gas, Propane, 

Hydrogen, and Ammonia [8].  

Two alternative types will be considered throughout the present project, mainly: Natural gas (NG) 

and Methanol. Selection of the previous types is the matter of searching for alternative fuels that have 

less emissions to be applied on board ships in the short term. Methanol has been investigated as an 

alternative marine fuel in previous research projects such as Swedish EffShip [9], SPIRETH project 

[10], and Methaship,. Some studies by [11,12] has been carried to evaluate the applicability of using 

methanol as an alternative marine fuel. Another research by [13] shows that methanol reduce exhaust 

emissions by a considerable amount and reduce the fuel cost. 

The primary segment of natural gas is methane (CH4), this fuel is the least carbon and sulfur content 

and consequently with the most promising option to decrease carbon dioxide (CO2) and Sulfur 

dioxide (SOx) emissions [5].  Besides, the burning of natural gas in comparison with diesel is 

characteristically cleaner regarding Nitrogen oxide (NOx). Moreover, natural gas appears as a 

mailto:Mostafa_211177@yahoo.com
mailto:Mohamed.elgouhary@alexu.edu.eg
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financially motivating measure for vessel types spending a long period of their cruising time like 

handy size tankers, RO-RO vessels, and container ships [4]. 

All the previous studies, whether research projects or research papers that dealt with the 

importance of alternative fuels usage onboard ships, confirm that the maritime industry has not 

benefited the most from alternative fuels. Moreover, it confirms the necessity of conducting many 

other studies to determine the potential benefits from alternative fuel onboard ships from technical 

and environmental point of view.  

The present research aims at assessing the environmental and technical performance of the 

proposed alternative fuels (natural gas and methanol). As a case study, A15-class container ship is 

investigated. The assessment is based on a comparative study between alternative fuels and 

conventional diesel fuel from environmental and energy efficiency point of view. 

Environmental and technical assessment method  

The environmental assessment can be performed by calculating the exhaust emissions from ships in 

case of using the proposed alternative fuels compared with the conventional diesel fuel. The emissions 

from ships included many kinds of pollutants such as CO2, SOx and NOx emissions.  

The quantity of exhaust emission during one trip (𝑀𝑡𝑟𝑖𝑝) can be calculated by using Eq. (1) which 

depending on the engine power.  

  𝑀𝑡𝑟𝑖𝑝,𝑖 = ∑ 𝑀𝐶𝑅𝑖 ∗ 𝐿𝑖 ∗ 𝑇𝑖 ∗ 𝐸𝑝 (1) 

Where (MCR) is the maximum continuous rating power of engine in [kW], (i) is the type of engine 

(main engine or auxiliary engine), L is the load factor of engine and T is the operating time of ship in 

[hour], and (𝐸𝑝) is the pollutant emission factor in an energy based form [g pollutant/kWh] [14,15]. 

The individual emission energy-based rate in differs from type to another. In case of CO2 emission, 

it is based on the conversion factor between fuel and CO2 which depend on the carbon content in fuel, 

therefore, its value differs from fuel to another. Table 1 show the conversion factor values for different 

fuels [4]. 

Table 1 Conversion factors and carbon contents for marine fuels 

Fuel type Carbon content Conversion factor (g CO2/ g fuel) 

Marine Diesel oil (MDO) 0.8744 3.206 

Heavy fuel oil (HFO) 0.8493 3.114 

Liquefied natural gas (LNG) 0.75 2.75 

Methanol  0.37 1.375 

The energy-based rate of CO2 emission (𝐸𝐶𝑂2) measured in g CO2/kWh can be calculated using 

Eq. (2) based on specific fuel consumption (SFC) in g fuel /kWh and the conversion factor CF). 

𝐸𝐶𝑂2 = 𝑆𝐹𝐶 × 𝐶𝐹 (2) 

Regarding the air pollution emission inventory recommendation from IMO, NOx emission factor 

expressed in g/kWh for slow speed diesel engine depends on the ship construction date [4]. The first 

level of control (Tier I) applies for ships constructed on 1 January 2000 or after and can be calculated 

as shown in Eq. (3) which depends on the engine’s rated speed (n). 

𝐸𝑁𝑂𝑥 = 45 × 𝑛−0.2 (3) 

A slow speed diesel engine (SSDE) that is installed on a ship constructed on 1 January 2011 or 

after (Tier II), a reduction equal to 15% should be fulfilled compared with Tier I NOx emission value 

[14]. On the other hand, NOx emission factor for natural gas engine and methanol engine is 2.16 

g/kWh and 2.47 g/kWh, respectively [4,13]. 

On the other hand, SOx is proportional to SFC and the content of sulfur in the fuel (S) so that the 

SOX emission energy-based rate (𝐸𝑆𝑂𝑥) can be calculated by Eq. (4) [8,16,17]. 

𝐸𝑆𝑂𝑥 = 𝑆𝐹𝐶 × 2.1 × (𝑆%) (4) 
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It is seen that lower the sulfur content in fuel is led to reducing the specific emission rate of SOx, 

which is the reason why more and more strict demands towards lower sulfur content in marine fuel. 

In case of dual-fuel engine, the emission factor should be evaluated by considering the percentage of 

each fuel as shown in Eq. (5) [4].  

𝐸𝑝,𝐷𝐹 = 𝑥𝑔𝑎𝑠 × 𝐸𝑝,𝑔𝑎𝑠 + 𝑥𝑃.𝐹 × 𝐸𝑝,𝑃.𝐹 (5) 

Where, 𝑥𝑔𝑎𝑠 and 𝑥𝑃.𝐹 are the percentages of gas and pilot fuels in the dual-fuel engine (DF), 𝐸𝑔𝑎𝑠 

and 𝐸𝑃.𝐹 are the pollutant (p) emission factors for gas and pilot fuels, respectively. 

The technical performance can be assessed by using the procedure recommended from IMO 

through the calculation of Energy Efficiency Design Index (EEDI) [8]. EEDI has two indexes, a 

restrictive value ( EEDI req) and the actual value (EEDI𝑎𝑡𝑡) which should be lower than the restrictive 

value. The restrictive value depends on the ship type and its deadweight (DWT); therefore, Eq. (6) 

should be used for the calculation of  EEDI req in case of container ship. 

𝐸𝐸𝐷𝐼𝑟𝑒𝑞 = (
174.22

𝐷𝑊𝑇0.201
) × (1 −

𝑋

100
) 

(6) 

 

Where (X) is the reduction rate of baseline value each five years as recommended from IMO; 10% 

in phase 1 (2015-2019), 20% in phase 2 (2020-2024) and 30% in phase 3 (2025-onwards) [3,18].     

On the other hand, the actual value is a measure of energy efficiency level for the specified ship 

and can be calculated as shown in Eq. (7). For the dual-fuel engine, the product of (𝑆𝐹𝐶𝑀𝐸 × 𝐶𝐹𝑀𝐸) 

can be calculated by using Eq. (8) depending on the SFC and CF of either gas fuel and pilot fuel [4]. 

𝐸𝐸𝐷𝐼𝑎𝑡𝑡 =
(𝑃𝑀𝐸 × 𝑆𝐹𝐶𝑀𝐸 × 𝐶𝐹𝑀𝐸) + ((0.025 × 𝑀𝐶𝑅𝑀𝐸 + 250) × 𝑆𝐹𝐶𝐴𝐸 × 𝐶𝐹𝐴𝐸)

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 × 𝑉𝑟𝑒𝑓
 

(7) 

𝑆𝐹𝐶𝑀𝐸 × 𝐶𝐹𝑀𝐸 = 𝑆𝐹𝐶𝑔𝑎𝑠 × 𝐶𝐹𝑔𝑎𝑠 + 𝑆𝐹𝐶 P.F × 𝐶𝐹𝑃.𝐹 (8) 

Where (PME) is 75% of MCR for each main engine (ME) in kW, (𝑉𝑟𝑒𝑓) is the operational ship 

speed in knots and (capacity) is 70% of the container ship deadweight. The auxiliary engine (AE) 

power necessary to operate the main engine and the crew accommodation is based on the MCR of 

the main engine in case of using an engine of more than 10,000 kW as shown in Eq. (7) [4,19]. 

Case study description 

The case study for the assessment process of energy efficiency and environmental impacts is selected 

to be A15-class container ship. The container ship (Al Jmeliyah) is owned to United Arab shipping 

company limited Dubai branch and operated by Hapag-Lloyd, Hamburg [20]. The ship was built in 

2017 and sailing under the flag of Marshall Islands. Table 2 shows the technical data of the ship [21]. 

Table 2 Main specifications of the studied container ship 

Ship type A15-class container ship 

IMO number 9732357 

Length overall, [m] 368 

Breadth, [m] 51 

Service speed, [knots] 24 

Deadweight, [ton] 149360 

Container capacity, TEU 14993 

Main Engine type 2×Hyundai-MAN B&W 9S90 ME-C 

MCR power, [kW] 2×37,620 kW at 72 RPM 

 

The vessel normally serves the Far East route from Asia to Northern Europe through the Suez 

Canal. The average time for each trip is 47 days from Busan in Asia to Hamburg in Northern Europa 

[22]. 
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The ship is currently powered by a two SSDE (MAN 9S90 ME-C) with an output of 37,620 kW 

at 72 rpm which operated with marine diesel oil (0.5% S). The main engine is proposed to be 

converted to 9G80ME-C10.5-GI dual-fuel engine (DFE) with the same power and speed operated by 

natural gas and 1.5% MDO as a pilot fuel. On the other hand, it is proposed to be converted to MAN 

B&W ME-LGI dual-fuel engine that can run on methanol and 5% MDO as a pilot fuel. The proposed 

engine’s cylinder head is equipped with two valves for gas injection and two conventional valves for 

the pilot fuel oil. ME-GI has the same efficeincy, power and dimensions of ME-C. Based on Hapag-

Lloyd reports, around 350 container sites will be lost for the additional gas storage system [23]. 

Results and discussions 

The environmental performance can be assessed by evaluating the exhaust emission rates per trip. 

The examined emission types are CO2, SOx, and NOx, as these types are related with IMO 

regulations. The assessment process depends on the comparative study between the proposed dual-

fuel engine operated with natural gas or methanol and the conventional SSDE operated with MDO 

(0.5%S). The first step in evaluating the environmental benefits of proposed dual-fuel engine is to 

calculate the energy-based emissions factors as discussed before. The different emissions rates per 

trip can be calculated based on the specified trip from Busan to Hamburg. The relative emissions rates 

of the proposed dual-fuel engine compared to diesel engine are shown in Fig.1.  

 
Fig. 1 Relative emissions rates of the proposed dual-fuel engine compared to diesel engine 

For the current case study, the emissions rates of SSDE are 39.1 ton/hr, 2.13 kg/min and 20.4 

kg/min for CO2, SOx, and NOx, respectively. These rates are reduced after applying dual-fuel engine 

(98.5% NG and 1.5% MDO) to 28.2 ton/hr, 0.032 kg/min and 2.97 kg/min with reduction percentages 

of 28%, 98% and 85%, respectively. These rates are reduced after applying dual-fuel engine (95% 

Methanol and 5% MDO) to 36.25 ton/hr, 0.107 kg/min and 0.032 kg/min with reduction percentages 

of 7%, 95% and 80%, respectively. 

NOx and SOx emission rates should be compared with the IMO 2016 and 2020 emission-limit 

rates, respectively [4,8]. IMO 2020 SOx emission limit rate can be predicted based on fuel sulfur 

content (0.5%) which equals 2.133 kg/min. For the case study, SOx emission rates can be calculated 

for different pilot fuel percentage in dual-fuel engine to assess the effect of its value on emission rates 

as shown in Fig.2. 
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Fig. 2 SOx emission rates at different pilot fuel percentages 

It can be noticed that SOx emissions rates for dual-fuel engine are compliant with IMO 2020 limit 

at different pilot fuel percentage. 

IMO 2016 NOx emission limit rate can be predicted based on engine speed which equals 4.26 

kg/min. For the dual-fuel engine operated by natural gas and pilot fuel, NOx emissions rates can be 

calculated for different pilot fuel percentages to evaluate the impact of its value on emission rates as 

shown in Fig.3. 

 
Fig. 3 NOx emission rates at different pilot fuel percentages 

As shown in Fig.3, the dual-fuel engine operated by natural gas and methanol will be compliant 

with the required IMO limit if the percentage of pilot fuel is lower than 8.8% and 6.4%, respectively. 

Furthermore, the energy efficiency can be assessed by the calculation of EEDI for the proposed 

dual-fuel engine as recommended by IMO. By conducting the reference EEDI procedure to the case 

study, it is shown that the reference EEDI and its value in the three phases can be calculated based 

on the deadweight of the container ship as investigated in Fig. 4.  
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Fig. 4 Reference EEDI values for Container ship 

This reference value will be compared with the actual attained EEDI for the case study powered 

by SSDE which can be calculated by using Eq. (7) based on 24 knots service speed, 3.206 ton-

CO2/ton-fuel conversion factor of fuel to CO2. The attained EEDI will be 11.91 g CO2/DWT-NM. It 

is noticed that the current EEDI of SSDE is fulfilling the EEDI requirement until phase 2 but must be 

reduced to comply with EEDI phase 3. 

To evaluate the energy efficiency benefits for the selected dual-fuel engine operated by either 

natural gas or methanol, attained EEDI should be calculated. Based on Eq. (7) and Eq. (8), the attained 

EEDI for dual-fuel engine (98.5% NG and 1.5% MDO) and (95% Methanol and 5% MDO) is 8.77 

gCO2/DWT-NM and 11.07 g CO2/DWT-NM, respectively. To assess the results, it should be 

compared with the reference EEDI at different phases as shown in Fig.5. 

 
Fig. 5 Relative attained EEDI compared to reference value at different phases 

It is shown that, the proposed dual-fuel engine operated by (98.5% NG and 1.5% MDO) will 

comply with the required IMO phases now and in the future as the attained EEDI is about 61%, 69% 

and 79% of the reference EEDI at phase 1, phase 2 and phase 3, respectively. On the other hand, the 

proposed dual-fuel engine operated by (95% Methanol and 5% MDO) will comply with IMO phase 

1 and phase 2 as it is about 77% and 87% of the reference EEDI value, respectively. While it will 

comply with the required IMO phase 3 by a small percentage, as the attained EEDI will reach 99.5% 

of the required EEDI. 
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Conclusions 

The application of dual-fuel engine operated by natural gas or methanol on A15-class container ship 

has been investigated from environmental and energy efficiency point of view. The main conclusions 

from the current study are: 

 

• From environmental point of view, using dual-fuel engine operated with 98.5% NG and 1.5% 

MDO will comply with the required IMO emissions regulations. This will lead to reductions in 

CO2, SOx, and NOx emissions by 28%, 98% and 85%, respectively when compared with their 

values for SSDE operated by MDO (0.5%S). While the another proposed dual-fuel engine 

operated by 95% Methanol and 5% MDO will lead to reductions by 7%, 95% and 80%, 

respectively. Furthermore, the dual-fuel engine operated by natural gas and methanol will be 

compliant with the required IMO limit if the percentage of pilot fuel is lower than 8.8% and 6.4%, 

respectively. 

• From energy efficiency point of view, the dual-fuel engine operated by (98.5% NG and 1.5% 

MDO) will comply with the required IMO EEDI phases now and in the future. On the other hand, 

the dual-fuel engine operated by (95% Methanol and 5% MDO) will comply with IMO EEDI 

phase 1, phase 2, and phase 3 by about 77%, 87%, and 99.5% of the reference EEDI value, 

respectively.  
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