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Abstract:  EU’s strategy towards hydropower energy production has moved towards supporting small-scale hydroelectricity. 
According to the 2012 EEA’s report, forthcoming EU policies must be compatible with the WFD in order to promote 
hydropower, minimizing the ecological impacts. Typically micro hydroelectricity refers to hydro-plants with a power 
capacity less than 100kW. Their main advantage is the negligible environmental impact in conjunction with a low 
installation cost. Micro hydros cooperate with various existing water-related infrastructure, offering a broad potential 
for investment. Water supply lines located just before water treatment plants or distribution networks are convenient 
places for installations. In the present paper the integrated solution of micro-hydro implementation in a water supply 
system is presented. Thus, the function of the water supply network is extended to energy production. Decision 
making and planning of such a project might be challenging since it involves environmental, hydraulic, economical 
parameters as well as technical and location-related constraints. Harmony Search Algorithm (HSA) was used for the 
optimum management of the presented application in Greece. After a brief description of HSA, the generated model is 
presented in detail. The obtained solutions result to economically profitable installations, proving that similar 
strategies can contribute toward sustainable, renewable energy development. 
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1. INTRODUCTION 

European Union’s policy for sustainable, secure energy supply is emphasized in the Green Paper 
(2000), which underlines the potential of hydroelectricity to play a very important role in both the 
economy and the energy balance. Besides, increasing the non-polluting renewable energy 
production is an important goal for the EU targets for 2020. The objectives for 2020 include a 20% 
reduction in EU greenhouse gas emissions (compared to 1990 levels), an increase of the renewable 
energy production up to 20% of the demand and a 20% improvement in the EU's energy efficiency. 

The Renewable Energy Directive (2009) defines the national targets of the Member States to 
raise the share of renewable energy in their energy consumption by 2020. These targets reflect 
Member States' different starting points and will enable the EU to reach its 20% renewable energy 
target for 2020. On 22 January 2014 an integrated policy framework for the period up to 2030 
presented by the European Commission that seeks to drive continued progress towards a low-
carbon economy. The European Commission has proposed an increase on the share of renewable 
energy to at least 27% of the EU's energy consumption by 2030 and a simultaneous reduction in 
greenhouse gas emissions by 40%. Modern renewable energy schemes can play a major role toward 
reduced greenhouse gas emissions and higher efficiency systems. 

2. THE CONTRIBUTION OF SMALL–SCALE HYDROS 

Among other renewable energy sources (RES), hydropower has a large potential to support the 
aim to increase their share in the total demand. Large–scale hydroelectric plants usually have 
enormous size and a generating capacity of several hundreds or even thousands of MW. These 
projects produce and supply 20% of global electricity. Although a potential of large hydropower 
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installations still exist, the construction of such projects can face financial, environmental, and 
social constraints. In recent years, the environmental impacts of such large hydro projects are being 
identified as a cause for concern. The main impact is the flooding of vast areas of land that were 
either inhabited or agriculture/forested regions. This is shown by the resulted opposition to projects 
such as Gabickovo-Nagymaros project, on the Danube River, involving Slovakia and Hungary. 

Small Hydropower (SHP) includes hydroelectric plants with a capacity up to 10MW. SHP is 
further subdivided into Mini, Micro and Pico hydroelectric projects. Mini hydros usually have a 
generating capacity of less than 1000KW, whereas Micro hydros, which are reviewed in the present 
paper, have a generating capacity lower than 100KW. 

 
Table 1. Subdivision of Hydroelectric Plants. 

Types of  
hydroelectric plants 

Generating  
capacity 

Large > 100 MW 
Small < 10 MW 
Mini < 1000 KW 

Micro < 100 KW 
Pico < 5KW 

 
SHP had a negative development from the 1950s until about 1980 and many SHP plants were 

shut down because of age and competition from newer, larger plants. The increasing interest in 
renewable energy production has led to a growing focus on SHP (ESHA, 2008). The 
aforementioned targets and the recent subsidies on renewable energy production transformed small 
hydros to an economically viable, profitable investment. 

In 2006 there were nearly 21,000 SHP plants operating in the EU-27. The installed capacity was 
more than 13,000MW and the total electricity generation from SHP was more than 46,000GWh. 
This means that in 2006 approximately 1.2% of the total electricity and 9% of the renewable energy 
in EU-27 came from SHP. 

2.1 Advantages of micro Hydroelectric Projects 

Micro hydros include projects with a capacity between 10KW and 100KW. Typically these 
projects can be constructed in the flow of the stream without the need of building a dam. Their 
negligible environmental impact and their low installation cost offer an interesting opportunity for 
investment either to grid connected systems or to provide off-grid energy to remote areas. 

According to the British Hydropower Association (2005), their advantages over other RES are: 
§ High efficiency (70 – 90%). 
§ A higher capacity factor (typically CF >45%) compared to other RES   

(PV Systems: CF = 10 – 30% and Wind Turbines: CF = 20 – 30%) 
§ Predictability of the energy production. 
§ Gradual change of energy production. 
§ Hydroelectric generators’ quick response to changing conditions. 
§ Micro–hydros in streams don’t need water storage. 
§ Hydro systems have good correlation with demand i.e. the output is maximized during 

winter. 
§ Long-lasting technology. Systems can be engineered to last for more than 50 years, with a 

low maintenance cost. Moreover, no significant reduction of their energy efficiency occurs 
with time. 
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2.2 Small–Scale Hydroelectricity in Greece 

The first SHP in Greece was installed in Glafcos (Region of Patras) in 1927 and is operational 
for more than 85 years. In 2012 the produced energy from SHP in Greece was 586GWh. According 
to the statistics of the Operator of Electricity Market in Greece, the installed capacity of SHP is 213 
MW, which represents approximately 10% of the installed capacity from renewable energy sources, 
producing approximately 18% of the RES. Targets for SHP in Greece for the year 2014 are 
300MW, leading to a total capacity of 350MW for the target-year 2020. 

In Figure 1, the installed capacity of small hydropower stations in Greece and their 
corresponding annual energy production during the last decade are illustrated, for the period 2004-
2012, according to the Operator of Electricity Market. Although the installed capacity is constantly 
growing, it is obvious that since 2008 the installation rate is decreasing (Fig.1). 

 

Figure 1. Installed SHP Capacity and Energy Production in Greece (source: Operator of Electricity Market). 

2.3 Installation cost in Greece 

The cost of a SHP investment may vary significantly according to size and local geography. 
Although the average production cost in Greece is low (0.07€/kWh including capital cost), 
according to ESHA’s report (2008), the interconnection cost with the public utility network might 
have a prohibitive cost in Greece, provided that most of such plants are located in hilly, remote 
areas. 

3. MINI – SCALE INSTALLATIONS WITHIN DRINKING WATER NETWORK 

In the present paper an efficient approach is presented, where micro–scale hydroelectric projects 
are installed in existing urban water supply systems. These systems have a constant flow, which 
results to a predicted, steady energy production. Knowing the water flow during the system’s design 
phase is helpful for a better selection of the various parts. Then, the designed system will function 
in maximum efficiency. Another advantage is that micro hydros have as a rule a simpler and faster 
licensing procedure, compared to large hydro. This characteristic boosts the installation procedure 
and makes the investment more attractive. 

Micro hydros connected to urban water supply system have an additional advantage. Being 
inside the urban environment the output might be directly connected to the low–voltage network (in 
accordance to the local legislation). This option is an important advantage towards the economic 
viability of the installation, since it substantially reduces the connection cost. 
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3.1 Description of the proposed scheme 

Water supply systems usually transfer water from high-elevation, mountainous springs to 
inhabited areas. In order to avoid pipe failure, the pressure inside the network cannot exceed certain 
limits. Thus pressure breaker tanks are traditionally used to relieve the excess pressure. In the 
presented approach the installation of hydro–turbines leads to the use of the excess pressure toward 
energy production. In this way, the potential for energy recovery that typically exists at Break 
Pressure Tanks (BPTs) is exploited (Kougias et al., 2013) 

Other energy recovery possibilities are also possible by varying the turbine positions e.g. the 
installation on the water storage reservoir. This variation is very similar with the installation in 
pressure breakers. In that case, water passes through the turbine before being accumulated in the 
reservoir, which is located in the edge of the inhabited area. Both variations are very flexible, as it is 
possible at any time to disconnect the turbine from the water supply network, without obstructing 
the water supply. 

3.2 Existing Installations 

Installations of such mini hydropower plants in water supply networks have an increasing 
number in EU member states. Austria and Italy (Soffia et al., 2010) have extensively followed this 
practice. Switzerland, with a total number of 90 hydropower plants installed on the municipal water 
supply network (Byns et al., 2011), is the leading country. Non-EU countries like Turkey (Kucukali 
2010) are also exploiting that potential. Planning and management of the proposed approach is 
important for obtaining maximum environmental, social and economic benefits. 

4. AREA UNDER STUDY 

In the present paper the optimal installation of micro-hydros in a municipal water supply system 
in northern Greece is presented (Figure 2). The area under study is part of the Aliakmonas river 
basin; Aliakmonas being the longest river in Greece. 

 

 

Figure 2. The water supply system under study in North-Western Greece 
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The water supply system carries the water from a spring at an elevation of 400m to a small city 
with a population of 10,000 people. Three Break Pressure Tanks (BPT 1 – 3) enable the control of 
the pressure which appears due to the elevation differences along the pipeline. The elevation 
difference between consecutive BPT’s is 100m. Installation of micro hydros between BPT-1 and 
BPT-3 tanks can exploit the available hydraulic height (200m). The distance between BPT-3 and 
the city's storage tank is 22km. Because of the large distance, the low pipe inclination and the 
resulting friction losses, the potential for energy production utilizing that hydraulic head is not 
examined. 

The steel pipe of the network has a 0.55m diameter and carries a constant flow of Q=200lt/sec 
throughout the year. A simplified profile of the existing system is illustrated in Figure 3. 

 

 

Figure 3. Simplified profile of the water supply network 

4.1 Scope of the research 

Defining the optimum location and characteristics of the micro-scale hydro projects in the 
presented area is implemented with the use of HSA. At a first glance, connecting the turbines to the 
existing Tanks (BPT-2, BPT-3) seems a good decision, since that reduces the construction cost. 
However, the available hydraulic height (200m) offers a substantial potential for energy production. 
Taking into consideration that the capacity of each installation cannot exceed 100kW, due to licence 
constraints, additional installations might be needed. 

HSA optimization algorithm will investigate the possibility of alternative solutions. Technical, 
economic and environmental data have been included in the designed model. 

4.2 Optimization technique – HSA 

Harmony Search Algorithm is a modern metaheuristic algorithm initially created for the 
optimum design of water networks (Geem et al., 2001). HSA structure was inspired from the music 
creation process and imitates a musician’s behaviour, who seeks for the best state of harmony while 
performing. HSA consists of three mechanisms that imitate the musician's options in order to 
explore possible solutions of the examined problem (Kougias and Theodossiou, 2010). Following 
the above mechanisms HSA creates a new solution, called “Harmony”, at each iteration. If the 
created Harmony is better than the worst Harmony stored in memory, it replaces it and this 
repetitive process continues until the termination criterion is satisfied. 
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5. MODELLING PROCESS 

Defining the type and number of hydro installations that will maximise benefits is the aim of the 
created HSA model. Unrealistic scenarios that include major, costly interventions in the existing 
supply network (e.g. pipe replacement) have not been investigated.  

Selecting between the numerous alternatives for turbine capacity is almost impossible without 
the use of an optimization technique. It is difficult to say whether it is better to construct one large 
hydro instead of two or three smaller. Thus, HSA has been used for defining the optimum 
installation scheme.  

5.1 Modelling process 

The created model includes mathematical equations that define the objective function and the 
technical and environmental constraints. Defining the objective function is crucial for the modelling 
process, because it quantifies the various, conflicting benefits. In other words, the objective function 
surveys in a quantitative manner each possible solution according to the technical, financial and 
environmental peculiarities of the problem. Maximizing the objective function equals to the 
maximization of the established goals. 

5.2 Decision variables 

Important information for the installations includes the number, the type and the location of the 
hydroelectric stations. The authors have used an indirect method in order to model the possible 
location of the installations: The designed model calculates the required hydraulic head of the 
optimum combination. In cases that the optimum alternative solutions are more than one, the 
decision maker can choose the scheme that better corresponds to local peculiarities, easiness of 
access and property conditions. 

This strategy leads to a formation where every decision variable corresponds to a single type of 
turbine. The value of each variable describes the number of installations of each type of turbine.  

5.3 Calculating the available power 

The available power is a decisive parameter to the technical characteristics of the installations. 
Thus, the hydroelectric power potential is calculated as a function of the hydraulic head and the rate 
of the water flow, as expressed in Eq. 1: 

P = n · ρ · g · Q · H (1) 

where: 
P is the power in kW, 
n is the dimensionless efficiency coefficient of the installation, with typical values between 0.55 
and 0.85, 
ρ is the density of water in t/m3, 
Q is the flow in m3/s, 
g is the gravity acceleration m/s2, 
H is the head difference between spring and the last tank. 
 
In the present application the available power, assuming a typical n= 0.8, is P= 314 kW.  

Table 2 presents the available turbines and their technical and economical characteristics. 
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Table 2. Characteristics of the available Turbines. 

Turbine Type of 
Turbine 

Capacity 
(KW) 

Ann. Produced 
Energy (MWh) 

Hydraulic 
Head (m) Cost (€) 

1 Crossflow 31 258 21 70000 
2 Crossflow 46 387 32 80000 
3 Crossflow 62 523 40 85000 
4 H. Francis 58 491 39 90000 
5 Pelton 61 512 36 75000 
6 Pelton 79 661 50 82500 
7 Turgo 89 745 55 90000 
8 Turgo 93 778 57 95000 
9 Turgo 100 850 62 115000 

5.4 Constraints 

The basic constraint of the model includes the pipe system protection by limiting the hydraulic 
pressure. This constraint guarantees the constant and continuous function of the system.  

The technically available hydraulic head in the area under study is 200m. Hydraulic losses were 
calculated equal to 3m for the total length of the 2000m pipeline, between BPT–1 and BPT–3. 
Thus, the final exploitable hydraulic head is equal to 197m. 

If the chosen turbines require a total hydraulic head much lower than 197m, energy potential will 
be lost. On the other hand, oversizing turbines (total hydraulic head higher than 197m) results to 
low system’s efficiency. Thus, a penalty was added to solutions that don’t comply with the limits. 

5.5 Objective function 

The objective function expresses the cost and benefits that alternative solutions offer. It includes 
installation cost, maintenance cost and income from selling the produced energy to the National 
grid. The installation is regarded as a 30-year investment, assuming that the installed hydroelectric 
projects will continuously function for at least 30 years, with no extra cost, apart from the scheduled 
annual maintenance. This assumption is realistic, considering that hydroelectric technology is long-
lasting and systems often have a non-stop operation for more than 50 years. 

5.5.1 Installation cost 

The total installation cost is considered to be funded by a 10-year loan with an annual interest 
rate of 8%. Initial cost varies among the 9 alternative turbine selections (Table 2). The annual 
maintenance is calculated as 5.45% of the initial cost of each turbine. 

Connecting to the National Grid has a cost that depends on the distance from the electric lines. 
However, in the studied area the water pipe runs nearby the electricity network. This reduces 
substantially the cost of electrical equipment (cables/transformers). 

5.5.2 Annual profit 

Power plants produce energy with no interruption. However, a safety factor was introduced for 
unpredictable interruptions. Thus, Annual Operation Duration= (24×365)×0.96= 8409.6h.  

The produced energy is connected and sold to the national supplier. It is assumed that annual 
profits are subject to tax deductions. Finally, the objective function is: 

Balance(Xi) = Annual Profits(30yrs) – Annual maintenance Cost(30yrs) – Installation Cost(10-year loan) (2) 

The aim for the created HSA is to detect the decision variables Xi that maximize Eq. 2. 
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6. RESULTS 

6.1 Optimum Installation 

The designed model converged to the optimum management that leads to 30-year profits of 
4,882,049.40 €, which is the maximum value of the objective-function that HSA detected. 

The corresponding optimum solution suggests the installation of four turbines, two turbines of 
Type-5 and two turbines of Type-9. This leads to an installation of two 61kW turbines (H= 36m) 
and two 100kW turbines (H= 62m). The total calculated capacity is 322kW, which is almost equal 
to the available power (314kW). This small difference will result to a slower wear of the machinery 
and may as well answer future increases of the water supply rate (Q). 

HSA, as an iterative optimization technique, traces the best solution after a number of 
calculations, after only a few seconds and few hundred of iterations. Convergence to the best 
solution (maximum profit= 4,882,049.40€) is illustrated in Figure 4. HSA discards candidate 
solutions that don't comply with the technical constraints. Throughout its performance it detects 
solutions with increasing benefits. 

 

 

Figure 4. Convergence to the best solution in MATLAB. 

All four turbines have been manufactured to function under different hydraulic pressure and the 
total required head is 196m. The available hydraulic head is 197m, which means that micro-hydros 
will perform in maximum efficiency. 

6.2 Locating the turbines 

Apparently the decision maker will locate the four turbines in relative positions to the existing 
BPT’s. One Type-5 and one Type-9 turbine will be placed between the BPT-1 and BPT-2. The 
available hydraulic height is H=98.5m which is equal to the required HReq= 98m. Similarly, a pair 
of a Type-5 and Type-9 turbines will be placed between BPT-2 and BPT-3. 

Type-9 turbines will be connected to the existing tanks (BPT-2 and BPT-3), because of their 
larger capacity and hydraulic height. Two new micro hydropower stations will be constructed 
downstream BPT-1 and BPT-2, in a distance of 360-370m, in order to provide the required 
hydraulic height of 36m. 

Thus, the relatively bigger turbines will be connected to BPT’s and will operate under a 
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hydraulic head of 62m. The two, smaller turbines will be connected to positions with a hydraulic 
head of 36m, that results to their operation at maximum efficiency. 

 
Table 3. Hydraulic Loss along the water supply network 

Route Distance (m) 
BPT-1 to Type-5 Turbine 360 – 370 
Type-5 Turbine to Type-9 Turbine (BPT-2) 630 – 640 
BPT 2 – to Type-5 Turbine 360 – 370 
Type-5 Turbine to Type-9 Turbine (BPT-3) 630 – 640 

Total: 2000 

7. CONCLUSIONS 

Connecting micro–scale hydropower turbines to existing water supply systems has been 
presented in this paper. This scheme has already been successful in several countries and can be 
expanded to similar conditions (e.g. water treatment plants). 

The economic benefits of the proposed scheme can be assured, because basic and expensive 
elements (pipes and storage tanks) are already built and the investment cost is significantly lower 
compared to a traditional micro hydro. Moreover, the need for continuous operation of the drinking 
water supply system guarantees the efficient energy production and a high capacity factor. 

Harmony Search Algorithm has been effective in many water related problems. In the present 
study it enhanced the system design, leading to an optimum planning. 
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