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ABSTRACT—Urban irrigation in a district of Lima 
currently relies on costly groundwater despite the avai-
lability of legacy canals. This study addresses rising unit 
costs by integrating a canal-fed reservoir with inventory 
model and k-means clustering for resource allocation. The 
design replaces the water source, sizes the reservoir using 
inventory-management logic, and relocates loading to a 
strategically ranked park. Using operational data from one 
representative day, the proposed scenario reduces labor 
cost, fuel cost and water cost. Measured outcomes include 
a reduction of 50.25% in labor, 26.03% in fuel and 90.8% in 
water costs along with an internal rate of return of 199%. 
Academically, the work links source substitution, inven-
tory sizing, and clustering within a single engineering 
design; socio-economically, it offers a replicable pathway 
for municipalities. Municipalities should evaluate canal-
fed storage and assignment analytics to unlock similar 
unit-cost reductions.

Index Terms—Clustering, cost efficiency, reservoir, resource 
optimization, urban irrigation.

I.	 Introduction 

The rapid growth of the global population, combined with 
increasingly unpredictable climate patterns, has made 
sustainable water management one of the most pressing 
challenges of the 21st century. At present, water scarcity 
stems not only from the physical limitations of natural 
resources but also from economic constraints, such as 
insufficient investment in infrastructure and research [1]. 
Irrigation canals play a crucial role in sustaining vegetation 
and demonstrate multifunctional potential. For instance, 
recent studies have explored the installation of photovoltaic 
panels over canals to reduce evaporation while generating 
renewable energy [2], as well as the integration of hydroki-
netic turbines, which can convert up to 78.53% of available 
hydraulic energy into usable power [3]. Furthermore, irriga-
tion canals contribute to ecological restoration in rural areas 

and enhance urban environments through the creation of 
green spaces, which have been associated with improved 
physical and mental well-being [4], [5].

Previous studies have modeled farmer responses to 
reservoir operation policies, showing that dynamic hedging 
strategies based on water performance forecasts effec-
tively influence irrigation technology adoption, land use, 
and cost–benefit outcomes [6]. River-fed reservoirs offer 
a sustainable storage option; however, they face sediment 
accumulation challenges. For example, reservoirs in Poland 
lose approximately 0.1% of their capacity annually due to 
sedimentation [7].

In Lima, two principal pre-Hispanic irrigation canals 
remain: the Surco Canal and the Huatica Canal. The Surco 
Canal extends for 29.5 km and traverses 14 districts. 
Historically, it played a vital role in the ecosystem and agri-
cultural development, but its significance has diminished 
in contemporary times [8]. Considering that Lima is the 
second largest city built in a desert, the presence and main-
tenance of these canals are of critical importance [9], [10].

The irrigation of public green areas, however, entails 
high operational costs and logistical inefficiencies. When 
water sources are geographically distant, extended trans-
port routes are required, increasing both costs and delivery 
time. Consequently, route optimization becomes essential 
for improving resource efficiency. Related studies to route 
optimization and resource efficiency conducted in Argentina 
compared three algorithms for municipal waste collection 
and identified simulated annealing as the most effective 
approach for minimizing travel distance [11]. Similarly, 
research conducted in Canada applied genetic algorithms, 
FS-ACO, and Tabu search to optimize municipal sweeping 
routes, achieving significant reductions in fuel consump-
tion, travel distance, and time [12]. In Chile, the application 
of the Ant Colony Optimization algorithm reduced travel 
distance by 23% and time by 22% [13]. Other approaches, 
such as Prim’s heuristic [14] and Mixed-Integer Linear 
Programming, achieved a 19% reduction in total delivery 
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distance while considering constraints such as truck and 
product type [15]. In problems with many nodes, the 
Cluster-First Route Second (CC-CVRP) method has proven 
competitive and effective, particularly in medium-to-large 
problems, and remains one of the few feasible solutions 
for very large routing challenges [16], [17]. These findings 
suggest that assigning irrigation routes for tank trucks 
through optimized clustering and routing may significantly 
reduce travel time and operational inefficiencies.

A study conducted in China shows that the multi-ob-
jective genetic algorithm can accurately predict the demand 
trend and improve the inventory turnover rate [18]. Another 
study applied linear programming to forecast the demand of 
their product using inventory data as inputs [19].

Previous research has primarily focused on either reser-
voir design or routing optimization in isolation. There 
remains a lack of integrated approaches that simultaneously 
consider reservoir sizing, canal-fed water distribution, and 
cluster-based routing for urban irrigation systems. This gap 
is particularly relevant in Lima, where public green areas are 
currently irrigated using groundwater purchased at a unit 
cost of 1.85 PEN/m³, while canal-sourced water averages 
only 0.17 PEN/m³, representing a cost difference of 90.81%. 
Addressing this gap, the central problem guiding this study 
is how to reduce the unit cost of urban irrigation by inte-
grating water supply alternative, reservoir design, and route 
clustering within a unified framework.

The novelty of this research lies in its holistic approach 
that combines reservoir sizing and clustering of irrigation 
areas into a single model. This integrated methodology 
offers three key contributions: it provides a replicable 
framework for metropolitan areas facing similar chal-
lenges; it demonstrates the measurable economic benefits 
of canal-fed irrigation; and it contributes to sustainability 
by reducing dependency on underground water sources. 
Accordingly, this study not only advances the state of the 
art but also provides practical insights for municipalities 
striving to balance cost-efficiency with environmental 
responsibility.

The remainder of this paper is organized as follows: 
Section II presents the methodology and engineering tools 
applied; Section  III discusses the results; and Section  IV 
highlights the main conclusions.

II.	 Methodology

This research is applied and correlational in nature, as it 
aims to reduce the unit cost of irrigation through the imple-
mentation of an alternative water source.

Firstly, the problem was identified, and the root causes 
were analyzed.

Subsequently, the data are collected. To define the unit 
of analysis, all irrigation routes carried out during a selected 
month were considered; simple random sampling was used 

to select a specific day considered as the unit of analysis. 
The stop points corresponding to the routes on the selected 
day were georeferenced. 

The current scenario was modelled to determine the 
travel time and distance covered under the existing ground-
water supply conditions.

Considering the water cost disparity, a solution was 
proposed based on the root causes of the problem.

The proposed solution consists of constructing a 
canal-fed reservoir. Potential parks suitable for reservoir 
construction were identified. For their selection, four rele-
vant variables were defined and weighted using the factor 
ranking method. Once the most suitable site was selected, 
the structural design of the proposed reservoir was 
conceived. The reservoir volume was estimated using the 
maximum inventory formula (1), which requires the lot size 
(Q) and the safety stock (SS).

Maximum inventory = Q + SS (1)

To calculate the safety stock (2), the following factors 
were considered: the desired service level, the average 
water demand, the demand standard deviation, the average 
canal inflow rate, and its standard deviations.

� �SS Z * * *√(( ) �� ) )D δLT δDLT2 2 (2)

To model the proposed scenario, the travel time and 
distances were determined, and the new estimated cost of 
the water resource was calculated. 

The logistical indicators of both scenarios were 
compared by calculating the reduction in travel time, 
distance travelled, water cost and carbon dioxide emissions.

Annual savings in labor, fuel and water costs were esti-
mated. The initial investment, as well as the maintenance, 
and cleaning costs of the reservoir were averaged. Based on 
this information, the projected cash flow was developed 
and financial profitability indicators were calculated. 

Fig. 1.	 Steps included in the research methodology.
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III.	Results

The company’s current irrigation unit cost is high, as the 
groundwater used for irrigation is 90.81% more expensive 
than canal-supplied water. A canal known as Surco flows 
through the district, with a flow rate of 800 L/s, of which 200 
L/s correspond to environmental flow. When tank trucks are 
loaded directly from the canal’s main channel, the loading 
time reaches approximately 30 minutes for 10,000 gallons. 
This loading method generates traffic congestion, residents’ 
complaints, and financial penalties for the company. The 
construction of a reservoir would increase the inlet flow 
rate, thereby reducing tank truck loading times. 

Data were collected to quantify irrigation demand for 
public green areas, which totals 714,761.85 m³. Each green 
area should be irrigated twice per week during cold seasons 
and thrice per week during hot seasons. A unit of analysis is 
chosen, which is a day consisting of 80 routes carried out in 

the year 2025 during the month of March. The coordinates of 
the stops were identified. This route irrigates approximately 
238,254 m3, representing 33.33% of the total demand. The 
tank trucks with a capacity of 10,000 gallons service 70% of 
the stops assigned; the remaining 30% of the stops are made 
by tank trucks with a capacity of 5,000 gallons.

Currently the water supply is in the coordinate 
-12.18763, -76.972691. Eleven tank trucks start their 
routes simultaneously, each operated by one driver and 
one assistant.

The indicators for the actual scenario are calculated. 
The travel time is 55 h 19 min, and the total man-hours 
are 110 h 38 min, given that each route is operated by two 
personnel. The travel time refers to the driving time on the 
assigned route. The total distance travelled is 1,733.6 km. 

Three potential sites were identified as possible loca-
tions for the reservoir: Filomeno Ormeño, De los Ingenieros, 
and María Reiche. 

TABLE I

Indicators of Current Scenario

Tank truck ID Capacity Time on route Distance travelled Water demand

SD-10 10,000 gal 4 h 20 min 141.8 km 60,000 gal

SD-11 10,000 gal 3 h 32 min 112.1 km 60,000 gal

SD-12 10,000 gal 4 h 19 min 135.2 km 60,000 gal

SD-13 10,000 gal 7 h 21 min 231.1 km 100,000 gal

SD-15 10,000 gal 3 h 34 min 111.2 km 50,000 gal

SD-17 10,000 gal 3 h 58 min 140.7 km 60,000 gal

SD-18 10,000 gal 4 h 11 min 124.1 km 60,000 gal

SD-20 10,000 gal 4 h 9 min 120.7 km 60,000 gal

SD-25 10,000 gal 3 h 35 min 98.6 km 50,000 gal

SD-30 5,000 gal 8 h 27 min 266 km 65,000 gal

SD-31 5,000 gal 7 h 53 min 252.1 km 55,000 gal

Total 55 h 19 min 1733.6 km 680,000 gal

Note: Time on route, distance travelled, and water demand for the single-day route are analyzed.

Fig. 2.	 Stops of the unit of analysis. Coordinates included in the single-day route analyzed.
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The proposed site for building the reservoir is Filomeno 
Ormeño Park, located at coordinates are -12.120952, 
-76.997572.

To calculate the volume of the reservoir, the maximum 
inventory formula (1) is used. Four variables are required to 
calculate the safety stock (2). The demand and its standard 
deviation are obtained using historical route data. Lead 
time corresponds to the loading duration of a tank and is 
generally assumed to be constant, implying no deviation. 
Two safety stocks were calculated: one for tank trucks of 
10,000 gallons of capacity and another one for tank trucks 
of 5,000 gallons of capacity. For both calculations a service 
level of 95% was applied.

TABLE III

Variables for Safety Stock Formula 1

Variables Original value Adjusted valuea

Demandb 692,500 gal/day 692,500 gal/day

Demand deviationb 109,792.3 gal/day 109,792.3 gal/day

Lead timeb 25 min 0.01736 days

Lead time deviationb - -

a The values were adjusted to be consistent with the formula. 
b Lead time and deviation of the tank trucks with a capacity 
of 10,000 gallons of water.

SS1 = 1.645 ∗ √(( ,  ∗ 0) +

0.01736 ay ∗ , .  ) 

SS1 23,796.48  =

(3)

The safety stock for tank trucks with a capacity of 
10,000 gallons of water was calculated as 23,796.48 gallons 
using formula (2).

The lot size for tank trucks (Q)  corresponds to their 
capacity, which in this case is 10,000 gallons.

Maximum inventory1 = 10,000 + 23,796.48  
 

Maximum inventory1 33,796.48  =
(4)

The maximum inventory to supply the demand of tank 
trucks with a capacity of 10,000 gallons was calculated as 
33,796.48 gallons using the formula (1).

TABLE IV

Variables for Safety Stock Formula 2

Variables Original value Adjusted valuea

Demandb 48,750 gal/day 48,750 gal/day

Demand deviationb 10,451.8 gal/day 10,451.8 gal/day

Lead timeb 12.5 min 0.00868 days

Lead time deviationb - -

a The values were adjusted to be consistent with the formula. 
b Lead time and deviation of the tank trucks with a capacity of 
5,000 gallons of water.

SS2 = 1.645 ∗ √(( ,  ∗ 0) +

SS2 = 1,601.83  

0.00868 ∗ , .   ) (5)

The safety stock for the tank trucks with a capacity of 
5,000 gallons of water was calculated as 1,601.83 gallons 
using formula (2).

The lot size for tank trucks () corresponds to their 
capacity; which in this case is 5,000 gallons.

Maximum inventory2 = 5,000 + 1,601.83  
 

Maximum inventory2 6,601.83  = (4)

TABLE II

Factor Ranking for Each Potential Location

Variables Wa
Filomeno Ormeño De los Ingenieros María Reiche

Sb W × Sc S W × S S W × S

Distant residential areas 40% 5 200 5 200 5 200

Near canal 20% 9 180 8 160 7 140

Space availability 20% 7 140 7 140 7 140

Proximity to green areas 20% 9 180 9 180 9 180

Total 100% 700 680 660

Note: The score indicates the extent to which the factor is fulfilled. 
a W = Weight of factor 
b S = Score of potential location according to each factor 
c W × S = Multiplication of weight and the score
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The maximum inventory to supply the demand of tank 
trucks with a capacity of 5,000 gallons was calculated as 
6,601.83 gallons using formula (1).

Total maximum inventory = 
 33,796.48  + 6,601.81  

 

Total maximum inventory = 40,398.29  
(4)

The proposed reservoir capacity is 40,398.29 gallons, 
equivalent to 152.96 m³. 

The Surco Canal currently presents a moderate level of 
pollution due to the discharge of wastewater and domestic 
effluents [20]. It is proposed that the reservoir incorporates 
an inlet grate to trap large solid debris. In addition, the imple-
mentation of steeply inclined settlers is proposed to reduce 
suspended sediments. These settlers are installed at angles 
between 45° and 60° relative to the horizontal and consist 
of tube-like channels with a width of 5 cm and a length of 
approximately 2 m [21].

Reservoir

Duct

Grate

Duct

Reservoir

Steeply 
inclined 
settlers

Fig. 3.  The settlers within the reservoir cross-section are 
inclined to increase the effective settling velocity of suspended 
matter, thereby improving sedimentation efficiency.

TABLE V

Indicators of the Proposed Scenario

Tank truck ID Capacity Travel Time Distance travelled Water demand

SD-10 10,000 gal 2 h 38 min 56.2 km 60,000 gal

SD-11 10,000 gal 3 h 25 min 76 km 60,000 gal

SD-12 10,000 gal 3 h 4 min 66.9 km 60,000 gal

SD-13 10,000 gal 5 h 15 min 108.6 km 100,000 gal

SD-15 10,000 gal 2 h 24 min 50.7 km 50,000 gal

SD-17 10,000 gal 3 h 13 min 71.2 km 60,000 gal

SD-18 10,000 gal 2 h 42 min 54.9 km 60,000 gal

SD-20 10,000 gal 2 h 48 min 56.9 km 60,000 gal

SD-25 10,000 gal 2 h 56 min 62.7 km 50,000 gal

SD-30 5,000 gal 6 h 54 min 146.1 km 65,000 gal

SD-31 5,000 gal 5 h 36 min 112.3 km 55,000 gal

Total 40 h 55 min 862.5 km 680,000 gal

Note: Travel time, distance, and water demand for the proposed routes supplied by the canal-fed reservoir are analyzed.

TABLE VI

Comparison of Scenarios

Indicators Current 
scenario

Proposed 
scenario

Improvement 
rate

Time on 
route

55 h 19 min 40 h 55 min 26.03%

Distance 
travelled

1,733.6 km 862.5 km 50.25%

Note: The indicators are calculated for both scenarios.

The reservoir is designed to supply the total demand of 
public green areas. The travel time and distance were calcu-
lated considering the reservoir located at the coordinates 
−12.120952, −76.997572.

The indicators for the proposed scenario are calculated. 
The travel time is 40 h 55 min, and the total man-hours 
is 81 h 50 min considering that two operators accompany 
each route. The total distance is 862.5 km.

Both scenarios are compared, and the improvement 
rates are quantified.

Additionally, the economic impact of resource optimi-
zation is evaluated. The labor cost is 15 PEN per man-hour, 
with two personnel assigned to each route. The tank trucks 
consume one gallon of fuel every 5 km traveled, and the fuel 
cost is 13.12 PEN per gallon. The unit cost of canal-sourced 
water is 0.17 PEN/m³ [12]. The capacity of each tank truck 
is 10,000 gallons, equivalent to 37.85 m³. 
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Clustering is proposed to reduce the learning curve by 
assigning each cluster to a tank truck. The inputs consist of 
the coordinates of the green areas, while the outputs include 
scatter plots and an Excel file grouping the coordinates 
according to each cluster. The number of clusters is equal to 
the number of tank trucks: nine for trucks with a capacity of 
10,000 gallons and two for trucks with a capacity of 5,000 
gallons. The algorithm begins with k-means to initialize the 
centroids. A greedy algorithm is then applied to enforce 
capacity constraints within each cluster. Subsequently, the 
Hungarian algorithm is used to minimize the overall travel 
distance. Finally, the constrained Lloyd algorithm performs 
iterative restarts and updates the centroids.

The following figures present the clustering results, 
in which each cluster is assigned to a tank truck. The first 
scatter plot corresponds to tank trucks with a capacity of 
10,000 gallons while the second corresponds to tank trucks 
with a capacity of 5,000 gallons.

The inputs, outputs, and source codes are 
available at: https://drive.google.com/drive/

TABLE VII

Costs Optimization of the Proposed Scenario

Costs Current sce-
nario

Proposed 
scenario

Improvement 
rate

Labor 
costsa

1,659.5 PEN 1,227.5 PEN 26.03%

Fuel costa 4,549 PEN 2,263 PEN 50.25%

Water costa 4,760 PEN 438 PEN 90.8%

Note: The costs are calculated considering the indicators for both 
scenarios. 
a Costs per day.

Fig. 5.	 Scatter plot 1. The centroids in the scatter plot 
represent the average coordinate for each cluster.

Fig. 6.	 Scatter plot 2. The centroids in the scatter plot 
represent the average coordinate for each cluster.

folders/1hSPFviVlS91n1tg3uJxEmNRodBBB-fvP?us-
p=sharing

The project cash flow for the next three years begins with 
the operating phase of the reservoir. The proposed reservoir 
is similar in size and structural characteristics to one previ-
ously constructed in another district of Lima, for which 
public investment information is available [22]; therefore, 
the same investment amount was adopted. The construc-
tion permit is issued by the National Water Authority of 
Peru (Autoridad Nacional del Agua, ANA) [23]. A reservoir 
scraper system is proposed to facilitate cleaning operations. 
This technology enables the continuous removal of sludge 
from the bottom of the reservoir. In addition, the construc-
tion of a parking area for two tank trucks is considered 
essential to prevent traffic congestion. Finally, the presence 
of a technician responsible for cleaning, maintenance, and 
security of the reservoir is required.

The costs for the proposed scenario are calculated on a 
daily basis. Irrigation is carried out six days per week, over 
4.3 weeks per month, and twelve months per year. 

Fig. 4.	 Code structure. The main algorithm 
used is k-means.

K-Means

Greedy algorithm

Hungarian algorithm

Constrained Lloyd

https://drive.google.com/drive/folders/1hSPFviVlS91n1tg3uJxEmNRodBBB-fvP?usp=sharing
https://drive.google.com/drive/folders/1hSPFviVlS91n1tg3uJxEmNRodBBB-fvP?usp=sharing
https://drive.google.com/drive/folders/1hSPFviVlS91n1tg3uJxEmNRodBBB-fvP?usp=sharing
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The cash flow indicates an internal return rate of 199%. 
The social impact of the reservoir includes the provision 
of efficient urban irrigation services using an alternative 
water source. The reservoir will be available for firefighting 
purposes when required. The construction of the reservoir 
will slightly reduce the area of public green spaces. From an 
environmental perspective, the project achieves a 50.22% 
reduction in carbon dioxide emissions.

IV.	 Discussion

The high values of the economic indicators obtained in 
this study are primarily explained by the fact that the posi-
tive cash flow results from cost savings rather than direct 
revenues [24]. Similar conclusions have been reported in 
Valparaíso, where strategically located reservoirs play a 
key role in ensuring timely access to water for firefighting, 
thus generating both economic and social benefits [25]. 
While most previous research has concentrated mainly on 
resource optimization, this study incorporates environ-
mental considerations, such as carbon dioxide emissions, 
which are often overlooked [26]. In comparison, other 
studies applying routing techniques estimate emissions 
using vehicle speed functions [27], whereas in this research 
the analysis was conducted directly based on the distance 
travelled. Although this approach provides a practical esti-
mation, speed-based functions could yield a more accurate 
assessment of improvement rates. Furthermore, compara-
tive studies analyzing scenarios with a single large reservoir 
versus multiple smaller reservoirs have shown that the 
single-reservoir configuration achieves higher economic effi-
ciency due to lower construction and operational costs [28], 
which is consistent with the methodology used. Additional 

TABLE VIII

Economic Flow Rates

In PEN Year 0 Year 1 Year 2 Year 3
Expenses

Reservoir -975,000

Reservoir scrapper -40,000

Restroom -13,000

Permit for a reservoir -500

Parking for tank trucks -8,000

Security and cleaning 
staff

36,000 36,000 36,000

Savings

Man-hour cost 133,747 133,747 133,747

Fuel cost 707,746 707,746 707,746

Water cost 1,338,091 1,338,091 1,338,091

Total -1,036,500 2,143,584 2,143,584 2,143,584

Note: The differences in the daily cost indicators (Table VII) are used to calculate the 
annual savings. The expenses are averaged based on the Peruvian market values.

studies highlight the role of suspended sediment loads 
and mass conservation principles in reservoir calculations 
[29], as well as the reuse of bottom sediments in croplands, 
which enhances soil properties and irrigation efficiency [30]. 
These findings are consistent with the present research and 
suggest opportunities for further refinement.

Despite these promising outcomes, the study has 
several limitations. The analysis was conducted within 
a single district in Lima, which restricts the generaliz-
ability of the findings to other urban contexts. Moreover, 
for model simplification, external factors such as weather 
variability, vehicle maintenance, and traffic congestion were 
not considered. The results also rely on the assumption of a 
constant and reliable canal inflow, which may not always be 
maintained in real operating conditions.

In practical terms, the proposed model demonstrates 
strong potential to reduce irrigation costs while simulta-
neously addressing environmental impacts. Its application 
can be extended to municipal decision-making processes, 
particularly in contexts where water scarcity and financial 
constraints coexist. Furthermore, integrating the reservoir 
as a dual-purpose infrastructure—supporting both irrigation 
and firefighting operations—highlights its societal relevance.

Future research should address the identified limita-
tions identified by incorporating weather conditions, 
transportation constraints, and more advanced emission 
models into the optimization framework. Expanding the 
geographical scope to multiple districts or even to metro-
politan scales would strengthen the external validity of the 
results. Finally, the inclusion of sediment reuse strategies 
and advanced routing algorithms could further enhance 
both the environmental sustainability and the operational 
efficiency of the proposed model.
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V.	 Conclusions

This study demonstrates that integrating a canal-fed 
reservoir with route redesign is an effective strategy to 
reduce the irrigation unit cost of urban green areas. The 
proposed model achieves a 26.03% decrease in labor costs, 
50.25% reduction in fuel consumption cost and a 90.8% 
drop in water costs compared with the current groundwa-
ter-based system. Additionally, fuel savings contribute to 
a 50.2% reduction in CO₂ emissions, while the economic 
evaluation confirms strong feasibility with an internal rate 
of return of 199%. These results validate the proposed 
model as a practical and replicable approach for municipal-
ities operating under both budgetary and environmental 
constraints.

The importance of this research lies in addressing the 
challenge of costly irrigation practices in desert cities such 
as Lima by linking water resource substitution with oper-
ational optimization. The study highlights the potential of 
industrial engineering to provide solutions that are simulta-
neously efficient, sustainable, and economically viable.

The main contribution of the work lies in the method-
ological integration of reservoir sizing and clustering for 
vehicle assignment, which together deliver measurable 
performance improvements. Future research should eval-
uate seasonal variability, incorporate real-time monitoring 
technologies, and assess the social acceptance of canal-fed 
reservoirs to enhance long-term applicability.

This study analyzes the economic benefits of having a 
water supply close to final location, as well as shifting to 
balanced driver assignments and clustering to achieve effi-
cient and timely operations. 

For future research, it is recommended to incorporate 
additional constraints into the model. Interdisciplinary 
studies are encouraged, including regulatory compliance, 
alternative structural designs, and community acceptance.
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