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Small HEPPs in every electric power system are classified as renewable energy sources. The 3E model works 
out fundamental power characteristics of small HEPPs, analyzes their impact on the environment and explains 
the financial analysis of costs, revenues, and economic methods of evaluating the project. The advantages of 
small HEPPs include low distribution costs, no negative impact on the environment unlike large HEPPs, and 
lower maintenance costs. All the above benefits depend on the proper choice of the power plant equipment, 
object design, as well as advantages and disadvantages in every particular situation. 
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1 INTRODUCTION 

Whether observed in relation to system stability, development, economic growth or quality of life, one of the 
fundamental matters for each country is the problem of power (energy). Alongside the importance of the terms 
mentioned above the awareness of renewable energy sources and energy efficiency as significant domains grows 
influencing the present and even more, the future of each country's energy strategy. The goal of every energy 
strategy and corresponding efficiency is the availability of sufficient energy resources, yet the goal should be the 
optimal usage of those resources. The paper, as the result of the appropriate research in The Republic of Croatia 
emphasizes the HEPP power production system as a classic renewable energy source. Hydropower represents a 
significant competitive factor against nuclear resources and fossil fuels. In the last 30 or so years world electrical 
energy production in HEPPs increased three times while their share increased for only 50% (2,2% to 3,3%). The 
basic explanations for these statistics are the specific limitations for the usage of hydroelectricity. Due to 
requirement for the existence of water during the entire year, hydropower cannot be used anywhere. Electrical 
power cannot be stored rationally, either technically or economically. Basic problem in HEPP construction is the 
choice of type, category and installed power. As an example, construction of a high-pressure derivation type 
HEPP has a significant influence on underground waters level surrounding the reservoir, and the construction 
(project) cost is increased because of the building of the dam and other appropriate objects. Underground waters 
level has a significant impact on flora and fauna of the surroundings which leads to conclusion that hydroelectric 
power systems are not completely harmless for the environment. Further problems with HEPPs are earthquake 
protection and, especially with large dams, possible threat of terrorism or important strategic positions in case of 
war, example of which is HE Peruca in Croatia. 

The defmition of a small HEPP differs depending on the country's economic standard and hydrological, 
meteorological, topographical, and morphological characteristics of the envisioned location (or the plant). In 
general, HEPPs are classified as large or small depending on the installed power. The classification is performed 
on a national level by each country's "energy committees", but international definitions divide small HEPPs in 
small, mini, and micro hydroelectric power plants. Upper limit of 10 MW is accepted globally in the European 
Union and represents a standard of the ESHA (European Small Hydro Association), European Commission, and 
UNIPEDE (International Union of Producers and Distributors of Electricity). Small HEPPs combine the 
advantages of generating hydroelectricity, but, unlike large HEPP, there is no negative influence on the 
environment. There are, of course, certain negative influences of small hydroelectric power plants which cannot 



11th International Conference 
ENERGY -ECOLOGY -ECONOMY2012 

May 15-17,2012 Tatranske Matliare 
High Tatras, Slovak Republic 

be neglected despite significant advantages. Small HEPPs, unlike large ones, require connection with the 
distribution grid. The connection of a small HEPP to the distribution grid can influence distribution voltage and 
power flow (load-flow) in the grid, or, in other words - it can have a negative effect on power quality. 
Connecting distributed electrical power sources on the distribution grid also requires redesign of power system's 
protections. Electrical energy production in small HEPPs can be the same as those powered by other renewable 
power sources (wind farms, solar power plants, geothermal power plants, tidal power plants etc.). The largest 
disadvantage of small HEPPs are high investment costs (several thousands of Euros per a kilowatt of installed 
power). 

2 3EMODEL 

Electrical energy saving process in general, with regard to ecological factors, is important for each country's 
economic development. The fundament is holistic, multidisciplinary approach to the process of designing, 
constructing and realization of electrical energy projects that eventually leads to small HEPPs constructions. The 
scope of the 3E (Energy, Economy, Ecology) model is research of interactions between macroeconomic 
situation, energy and environment protection in systems through corresponding control loops. Most 
industrialized countries are considering the problem of reducing greenhouse gas emission (particularly C02), 

while maintaining resource prices, and having in mind losses in competitiveness and employment. Efforts in the 
process of promoting energy efficiency, renewable sources and C02 emission reduction are often considered as 
unacceptable. A small HEPP construction should be examined based on these three factors. The 3E model 
develops three fundamental power (energy) characteristics of a small hydroelectric power plant while analyzing 
environmental influences, performing financial (economic) analysis of cost and income, and considering the 
performance via economic evaluation methods [1]. 

3 POWER (ENERGY) CHARACTERISTICS 

The process of designing small hydroelectric power plants requires an investigation and consideration of the 
following: 

• geological characteristics 

• hydrological and meteorological research 

• actual state on the ground 

• gross energy potential 

• size of the construction 

• aggregate power choice. 

Geological research works should and are required to perform: 

• recording of longitudinal profile in case of impossibility to determine longitudinal fall precisely enough 
from existing topographic maps 

• recording of longitudinal and a couple of transversal profiles in the part of the stream appropriate for 
dam construction and, thereby, reservoir (storage) creation 

• recording and analysis of longitudinal profile on the elevations 

• assessment ofthe "upper" and "lower" water elevation in case of a dynamic fall change 

Regarding hydrological and meteorological research it is important to have a program of hydro meteorological 
network at disposal (it is the program of the EU package program). It is important to identify location 
characteristics in the power distribution system and to set up appropriate solutions application regarding water 
flow rate and head amount. Analysis of the flow requires discharge characteristics (hydrographs, biological 
minimum flow) while head analysis consists of setting out gross head and net head. Every stream profile has a 
corresponding elevation H (above the sea-level) and flow rate Q, and in that way we are familiar with the Q-H 
graphs. Available gross power and gross year production can be calculated using following relations [2]: 

P=9.81·Qs ·H (1) 

W =9.81·Qs ·H·T (2) 

where P represents power, W represents energy, Qs represents average flow rate for corresponding period, H 
signifies the head (elevation difference), and T stands for time, in this case - 8760 hours. This method is 
appropriate in preliminary energy potential analysis in case of wide areas where detailed analysis cannot be 
performed because of insufficient hydrological measurements which do not include concentrated flows. This is 
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usually the case with small HEPPs. Application of mentioned methods requires certain input data which in the 
frrst place, consists of precipitation level and height above the sea-level of the area. Since the mentioned data are 
used for other purposes as wll, they can be accessible easily and simply. Small HEPPs differ by fundamental 
concepts which specify construction sizes. Therefore it is important to know plant types in order to set 
construction size more precisely. Small HEPPs provided for isolated operation (with no connection to 
distribution grid) can be of the following types: 

• run-of-the-river plants 

• plants with water storage for daily alterable flow-rate 

• run-of-the-river plants with a backup generator 

Small HEPPs provided for operation on distribution grid can be run-of-the-river projects or ones with storage. 
The selection of hydro electric generator and the assessment of net power and net energy require turbine type 
and dimensions set up. Turbines can be of two types: reaction (Francis, Kaplan, Propeller) or impulse (Pelton, 
Turgo, Michell-Banki). 

Pelton Turgo Banki-Michell Kaplan Francis 

Fig.1 Some water turbine types 

In the process of selecting water turbine's type and dimensions it is important to consider and analyze the 
following recommendations: 

• turbine should demonstrate simplicity in setting up, operation and adapting to generator characteristics 

• turbine should be adaptable to variable flow-rate maintaining high efficiency in wide range of flow rates 
smaller than declared 

• control should be set up as simple as possible, adapted to automated operation while maintaining 
manual control option 

• maintenance demands and costs should be minimal 

• rotation speed should be corresponding to standard values for generators to avoid usage of mechanical 
advantages or non standard generator types 

Head and flow-rate, and their relation available at the construction location are the primary factors in assessing 
turbine type and dimensions, and consideration of turbine producer's recommendations is also important. Usage 
of turbine types depending on the flow rate, head and generator power can be seen in Figure 2 

Minimal technical flow rates for different turbine types are presented in Table 1, and for the turbine types 
corresponding to different net heads see Table 2 [4]. Figure 3 shows dependence between efficiency and flow 
rate for five types of turbines 

Tab.1 Minimal technical flow rates for different turbine types 

Turbine type IQmin percenta2e of declared flow-rate 
Franc is 50 
Semi Kaplan 30 
Kaplan 15 
Pelton 10 
Turgo 20 
Propeller 75 
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Fig.2 Ranges of specific turbine types application 

Tab.2 Range of net heads for different turbine types 

Turbine type Net head 
Kaplan and Propeller 2<Hn<40 
Francis 25<Hn<350 
Pelton 50<fln<l300 
Banki 5<Hn<200 
Turgo 50<Hn<250 
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Fig.3 Efficiency of small hydropower plant turbine types 
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Installed flow rate is determined by optimization. However, it is important to emphasize relation between net 
water level and flow rate with the profiles between and after the plant's intake regarding HEPPs power and 
energy, as well as the dependence on biological minimum and overflow. Figure 4 represents the curve of HEPP 
power duration in dependence of the flow rate, water level, and stream flow rate. It also shows the dependence of 
efficiency on flow rate. Flow rate defmes product of efficiency regarding intake and penstock losses and the 
efficiency regarding turbine losses. 
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Fig.4 Power duration dependence on flow rate, head and stream flow 

4 ECONOMIC ANALYSIS 

There is no so-called standard response to the question about the cost of small hydroelectric power plant 
construction. Concerning the economy hydroelectric power plants differ from conventional power plants by 
significant starting investment expenditures per a kilowatt of installed power and low operation costs since the 
plant has no primary energy source expenses [5]. State of the art construction technology indicates that overall 
specific cost varies between 1500 US dollars and 2500 US dollars per kilowatt of installed power, depending on 
the possibility of evacuating power to the distribution grid, but also on the location of the HEPP construction. 
Large HEPPs have certain difficulties in comparison with conventional (thermo and nuclear) power plants, but 
the small ones can be compared in the areas or countries where external cost compensations connected with 
fossil fuels and nuclear energy are implemented [7]. Part of the expenses, but also a significant part of profit of a 
small HEPP project is actualized in future time period so the economic analysis should especially acknowledge 
the so-called time dimension. Therefore, economic analysis is usually performed for a lifecycle period which, for 
a small HEPP, it is about 30 years. In order to perform any sort of analysis of a small HEPP the preliminary 
design, taking into consideration important plant elements, should be developed. Approximate equipment and 
material costs as well as estimated overall price can be determined based on preliminary design [6] . Although the 
overall cost estimated in such a way is not perfectly correct it is sufficient for implementation in initial economic 
analysis of project cost effectiveness. The real price is assessed after the design and more detailed data 
acquisition have been performed. Economic analysis finally settles the problem of comparison between expenses 
and profit accomplished by plant construction [8]. 

4.1 Cost analysis 

Cost analysis includes initial, investment costs and annual costs. Initial costs are [6]: preparatory works and 
construction costs, hydro mechanic equipment cost, electric machinery and associated equipment costs, 
expenditures for connecting to local grid and other, unexpected costs such as those for buying the lots, damages 
and compensations costs, studies, projects and surveillance costs, etc. Operation and maintenance (upkeep) costs, 
cost of the capital, and V AT expenditures are classified as annual expenses. Figure 4.1 shows the structure 
distribution of expenses [9] and Figure 6 specific investment costs in dependence of the head and installed power 
for a small HEPP. 

;:;uo 

,, ~ r. 0 

·I CC 0 

3: 
3CC O "" .... 

2CCO 

1000 

0 

< 10 :< 50 s 100 

Fig. 5 Small HEPP distribution expenses [9] 

< 1000 

• M in 

OMed 
DMax 

kW 



11th International Conference 
ENERGY - ECOLOGY - ECONOMY 2012 

t! 

~ 
11 
·~_ 
:~ 

3HO 

3110 

3: 2HO 
..:11:: 

"K · -0 2000 
Q:: 

m ueo 
tHO 

180 

0 

0,00! 20,00 .0,00 80,00 80,00 

May 15-17,2012 Tatranske Matliare 
High Tatras, Slovak Republic 

............ 
·--

l ~•i J kW 

• 

--
100,00 120,00 Head (m) 

Fig.6 Specific investment costs depending on head and installed power [6] 

Overall investment costs by the turn-key principle for wide range of installed power in small HEPPs can be seen 
on the chart in Figure 5 [6] . 

The plant unit cost is affected by construction size of a small HEPP - specific investment costs per kilowatt of 
installed power grow for smaller HEPPs. According to [10], specific investments are 25% larger for small 
HEPPs than for the large ones, while in certain situations they can be three (3) times larger. Annual expenses for 
small hydroelectric power plants are notably smaller than the ones for large hydroelectric facilities. Expenses of 
a small hydroelectric power plant are determined by the conditions of the construction area, unlike other power 
generating objects. The conditions of the location of a small HEPP construction indicate (determine) 7 5% ofthe 
plant's price and signify structurally variable expenses. About 25% of the price has a relatively firm and 
predictable amount [8] . The price of larger small HEPPs is between 2500 and 3000 US$ per kilowatt of installed 
power, while the price of the plants with installed power lesser than 500 kilowatts reaches 10000 US dollars per 
installed kilowatt [8]. Typical price of a small HEPP is between 1000 and 2000 euros per kilowatt of installed 
power [8]. Figure 8 shows dependence of specific investment expenses on installed power of a small HEPP. 
Small HEPP projects should be structured by components and annual expenses. 
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Income classification recognizes two types, i.e. direct income, accomplished by selling electric energy, and 
indirect income which is valued through positive influences in other activities. Since significant return on 
investment part is actualized through selling of electric energy, small HEPP investors find it important to obtain 
clearly defmed, stable and familiar electrical energy tariffs. Indirect income is actualized from positive 
influences on the environment, stream flow regulation and flood defence, fish-farms, irrigation, camps, 
recreation centres etc. [11]. Income accomplished by reducing greenhouse gases emission is calculated by 
produced energy and by reduced C02 emission, respectively. 

4.3 Investment profitability assessment 

The decision on implementing an action in the field of energy efficiency is made upon the assessment of the 
project's cost of effectiveness. Fundamental economic evaluation of a project will be described. Basis of 
economic evaluation approach to a small HEPP project construction are: 

a) Economic parameters 

b) 

Every profitability assessment requires the following input and output data [12]: 

• Investment 

• Annual savings 

• Development time 

• Inflation rate 

• Discount rate 

Time value of money 

Generally involves the relationship between a certain amount of money, a certain period, and a certain 
rate of compound interest. 

c) Return on Investment estimation 

Important factors: payback period, investment payback period, net present value, internal rate of return) 

d) Cash flow analysis 

e) Lifecycle cost analysis 

5 ENVIRONMENTAL INFLUENCES ANALYSIS 

Every country in the world should have the following strategic documents regarding the topic subject: 

• Water resources management strategy 

• National environment protection strategy and national environmental activities plan 

• Strategy and activities plan for protection of biological and geographical diversity 

• Energy development strategy 

• Sustainable development strategy 

• The Environmental Law 

• Strategic estimation of environmental influences of plan and program 

• Estimation of water intake influences on the environment 

• Law on nature protection 

• Ecologic network directive declaration 

• Water framework directive [13] 

5.1 Small hydroelectric power plants environmental influences 

Small HEPPs are a constituent part of distributed electric power sources in any country's energy system. Taking 
into account the installed power of small HEPPs, their environmental influence is higher than those of larger 
installed power HEPPs. Every small HEPP is special and its influences differ from one ecosystem, or location, to 
another. Every change in hydro morphological characteristics influences the environment [3]. Research shows 
that different types of HEPPs have different impact on the environment. A significant part of the environmental 
influence depends on the plant design, ecological structure and hydroelectric stream characteristics. 
Environmental influences of a small HEPP that could be identified are shown in Figure 9. 
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Fig.8 Identified influences of a small HEPP [3] 

5.2 Unfavorable small hydroelectric power plants environmental influences 

The influence of a small HEPP on the environment is defined by the construction location, but it is important to 
add that it is also greatly determined by construction technology. Fundamental problem is redirection of a part of 
the stream flow from the river bed. This changes the river ecosystem and therefore represents significant danger 
to the biological population through changes in the stream state (water inflow, water levels, meteorological 
state). For example, unfavourable influence on the fish population in the stream can be manifested as a complete 
loss of water biotopes, or their alteration in a way of becoming inappropriate for either the fish or organisms 
lower in the food chain. It is important to acknowledge the following facts regarding negative environmental 
influences of a small HEPP construction, i.e. estimation of the influence during the construction, influences 
during operation, sound influences (noise), visual influences, influences on the flora and fauna ofthe biotope. 

5.3 Favorable small hydroelectric power plants environmental influences 

One of the major advantages of hydroelectric power plants in general, but especially the small ones, is that, 
unlike conventional power plants, their operation in the distribution grid causes no emission of greenhouse 
gases. Another significant beneficial environmental influence is the role of the dams in flood protection system, 
especially in higher precipitation levels, or during the snow melting. In such cases, small HEPPs have a multi
purpose role, not only in power supply system but also in hydrological control system. 

Analysis of positive and negative environmental influences indicates the following as important: 
• appropriate small HEPP construction location choice - out of protected areas 
• negative influence on the cultural heritage should be avoided - therefore evaluation of biological 

diversity and landscape influences should be performed 
• usage of existing hydroelectric facilities 
• implementation of technical solutions and technology in purpose of environment protection 
• run-of-the-river operation (run-of-the-river-HEPPs) 
• intake hydraulic system and its environmental influence (penstock under or above the ground level) 
• fish pass (fish ladder) problem, "fish-friendly" turbines 
• multipurpose facilities (hydroelectric plants, water supply, irrigation) 

6 CONCLUSION 

The small HEPP construction observed within the 3E (energy, economy, ecology) model points out positive and 
negative characteristics and influences. A small hydroelectric power plant belongs to the renewable source 
system, and therefore as a productive distributed source of electrical energy therefore having a positive influence 
on greenhouse gases emission ratio. A small hydroelectric power plant construction seems justified on grounds 
of being able, unlike other renewable energy sources, to completely serve as a support of independence for most 
nations' electric power distribution systems. 
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