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Abstract 

The long gestation period, high upfront costs and the risks in the development of central geothermal power plants 
are the main reasons for the slow rate of geothermal electricity growth and its contribution to the global electricity 
mix. The overall objective of this study was to make a comparison between central geothermal power plants and 
wellhead power plants in the delivery of geothermal electricity projects. The study showed that wellhead power 
plants are generally less efficient compared to central power plants because of higher specific steam consumption, 
but are financially attractive because of the quicker return on investment, early electricity generation and the lower 
financial risks. The study showed that permanent wellhead power plants are a better option for geothermal wells with 
too low or too high steam pressure compared to others in the steam field. Temporary use of wellhead power plants 
as opposed to their permanent use is preferred when only limited time is available between the commissioning of a 
wellhead plant and the commissioning of a central power plant in the same steam field. Technical, operational and 
environmental challenges, including higher specific steam consumption and lower efficiency than central power 
plants as well as absence of geothermal fluid reinjection system make wellhead plants less economical and less sus-
tainable in resource use. It can thus be concluded that wellhead power plants can reduce the long wait to generate 
geothermal electricity and make an early return on investment for investors. Both central and wellhead power plants 
have relatively higher capacity factor than many other power plants and so can be used to supply base load electric-
ity for the grid or off-grid power supply. This study is a review of the central and wellhead power plants and addition-
ally provides policy guidelines in the execution of geothermal electricity projects either as central or wellhead power 
plants for grid electricity generation.
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Introduction
Geothermal energy is extractable heat energy from the 
earth’s crust which can be mined by drilling wells for 
hot water and steam extraction [1]. The huge potential 
of geothermal energy is significantly restricted by social, 
technical and economic factors [1, 2]. One of the reasons 
why geothermal energy has made only a limited contri-
bution to the global electricity mix is that it takes a long 

period of time from the resource discovery time to the 
time the power plant is commissioned [3]. The result of 
this delay places financial pressure on the project, often 
making it financially unattractive not just to financiers, 
but to investors as well because they usually have alterna-
tive projects to consider [4]. Geothermal energy for elec-
tricity generation has several benefits over other sources 
of energy [5]. These benefits include low cost energy, low 
emissions, a high power plant capacity factor and low 
land requirements, among others [4]. With significant 
potential, geothermal energy has a very important role in 
the energy transition [6].
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There has been considerable interest in geothermal 
electricity due to increasing concerns over greenhouse 
gas emissions and global warming [5]. Global electricity 
generation processes cumulatively account for over 40% 
of combined global energy demand and remain a good 
indicator of a country’s economic progress and perfor-
mance [7]. Where greenhouse gas emissions are con-
cerned, electricity generation alone accounted for 42% 
of global CO2 production in 2013 followed by transport, 
which contributed 23% to global emissions [8]. The rapid 
growth in energy demand globally has led to more con-
sumption of fossil fuels, which has led to ongoing pol-
lution of the ecosystem. These environmental concerns 
have led to an increased demand for renewable energy, of 
which geothermal is a very important source, to meet the 
ever-growing demand for energy [9]. On a positive note, 
global energy and electricity-related carbon emissions 
(CO2) flattened to about 33  Gt (Giga tons) in the year 
2019, which was an indication of a decline in emissions 
from 33.1 Gt (Giga tons) realized in 2018. This could be 
attributed to an increase in renewable energy generation 
from sources like solar PV and wind, switching from coal 
to natural gas, and nuclear energy capacity growth [10]. 
This improvement did not, however, significantly fea-
ture geothermal energy, yet it could play a leading role in 
energy transition from fossil fuel-dominated electricity 
mix.

The objective of this study was to analyze the capac-
ity and application of both wellhead power plants and 
central power plants in electricity generation under dif-
ferent scenarios and identify the best system for spe-
cific circumstances. These circumstances include steam 
field characteristics, economic/financial considerations, 
and technical viability for faster resource development 
and exploitation and maximum benefits from the geo-
thermal resource. This paper serves as a review and also 
suggests policy guidelines for geothermal project devel-
opers, financiers and policy-makers aimed at accelerating 
geothermal electricity development using both wellhead 
power plants and central power plants.

Background to the study
The energy potential of geothermal resources is signifi-
cant in relation to the energy needs of the entire world 
and as such could play a leading role in global sustainable 
energy transition [11]. Geothermal energy is created by 
the natural internal heat of the earth found within rocks 
and fluids.

Historical perspective
The word geothermal is derived from two Greek words 
‘geo’ and ‘thermos’ where geo means earth and thermos 
means heat [12]. Thus, the word geothermal means heat 

from the earth, or the earth’s heat. Geothermal resources 
are renewable and can supply base load electricity and 
other direct uses sustainably while mitigating against 
greenhouse gas emissions from conventional sources, 
which are mainly fossil fuels [12–14].

The first industrial use of geothermal energy was in the 
production of boric acid in the borax industry at Larder-
ello in the Tuscany region of Italy. Based on the insights 
developed in this industry, Francesco De Larderei built 
the first geothermal energy plant in 1827. It was, how-
ever, not until 1904 that Pietro Ginori Conti powered the 
first five light bulbs from geothermal energy. In 1913 the 
first real geothermal power plant was built to start a new 
era of geothermal electricity production [15, 16].

The global geothermal capacity is significant with 99% 
of the earth being hotter than 1000  °C. Additionally, 
99% of the remaining 1% which is below 1000  °C has a 
temperature higher than 100  °C [12]. The energy stored 
within the earth’s crust alone is substantial and corre-
sponds to about 10,500 times the world’s total fossil fuel 
reserves [17, 18]. Therefore, geothermal energy stored 
in the earth’s crust alone has the capacity to supply the 
entire energy needs of the world at the current rate of 
consumption [19]. As a reliable energy source, geother-
mal power plants have a system reliability of more than 
95% with a load factor greater than 95% for most power 
plants [5].

Geothermal electricity capacities and technology 
for wellhead and central plants
Geothermal energy has huge potential for three main 
applications, i.e., geothermal heat pumps, direct heat 
applications and geothermal electricity [20, 21]. Whereas 
the potential is huge, geothermal electricity project deliv-
ery for electricity generation continues to record slow 
growth rates and makes a limited contribution to elec-
tricity generation globally compared to other renewable 
sources of energy like wind and solar. According to [22], 
about 1.8  GWe capacity growth was realized over the 
period 2005 to 2010, which translates to just 20% growth 
in 5  years, representing an average of about 350  MW 
more capacity per year or just 4% growth in geothermal 
electricity generation capacity globally. Between 2000 
and 2005 a slower increment of about 200 MW/year was 
realized globally [5, 22]. Ref. [5] observed that whereas 
the global undeveloped geothermal electricity capacity 
was over 100 GW, its growth was low and on average it 
had been between 1 and 5% on a year-to-year basis for 
the last two decades [5] with globally shared total elec-
tricity generation being less than 1%.

On generation technology, [23] stated that most geo-
thermal electricity came from central power plants 
whose capacity ranged from 50 to 100  MWe. However, 
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due to rapid expansion and high demand for geother-
mal electricity, the demand for wellhead power plants 
has significantly increased. According to [24], wellhead 
plants assume the shape of a conventional geothermal 
power plant but on a smaller scale as they often use 
steam from a single well. Once the central power plant 
was constructed, the wellhead plants are relocated other 
locations in need. According to [25], wellhead units may 
be connected to geothermal wells with a capacity of up 
to 15  MW and require shorter steam lines. Ref. [23] 
noted that a wellhead generator was a road-transporta-
ble energy conversion system with capacity of 1–10 MW 
but with a minimum practical size of 3–5  MWe based 
on economic considerations. Therefore, wellhead power 
plants generally have a capacity of 0.1 MW to 15 MWe. In 
his work [2] observed that with financial incentives like 
tax rebates, wellhead plants have a return on investment 
of about 3 to 4  years without taking the tax incentives 
offered on wellhead plants into account [26]. These fig-
ures might vary from country to country or according to 
the technology used, so each project should be subjected 
to a detailed financial/economic feasibility analysis.

Growth in generation capacity between 1995 and 2019
The global installed capacity of geothermal energy has 
grown over the last decade to reach an effective capac-
ity of 13.93 GWe [27] and an installed capacity of 15.40 
gigawatts in 2019 [28, 29]. Geothermal technologies 
were among the notable growing renewable energy tech-
nologies and options occurring across the world. These 

technologies were seen as environmentally friendly 
mainly due to lower emissions [10, 30, 31]. Table 1 shows 
geothermal generation capacity between 2005 and 2019 
globally.

Table  1 shows that between 2005 and 2019 the 
total growth in geothermal generation capacity was 
6714 MWe, representing an average annual increment in 
geothermal generating capacity of 447.60  MW and rep-
resenting an average annual growth rate of 5.15% on a 
year-to-year basis. It should be noted that installed gen-
erating capacity was less than actual, or effective gener-
ating capacity due to various factors related to design, 
operation and maintenance of the power plants. These 
growth rates were slow compared to other renewable 
energy sources like wind and solar [28].

Renewable energy in electricity generation
The first quarter of 2020 realized about 1.5% higher 
generation from renewable energy sources compared 
to the same period for 2019. This growth in generation 
was due to 100  GW from solar and 60  GW from wind 
power coming from new power projects. The global share 
of electricity from renewable energy sources in the first 
quarter of 2020 reached 28%, up from 26% in the first 
quarter of 2019. Over the same period, the contribution 
from various renewable sources, i.e., wind and solar, rose 
from 8 to 9%. Coal and gas still led with a contribution 
of about 60% to global electricity [30, 31]. This showed 
the growing contribution of renewable energy sources to 
global electricity generation.

Table 1  Global installed capacity of geothermal [5, 32]

Year Global capacity (MWe) Capacity growth (MWe) Percentage 
growth (%)Reference year

1 2005 8686

2 2006 8918 232 2.67

3 2007 9139 221 2.48

4 2008 9459 320 3.50

5 2009 9899 440 4.65

6 2010 10,121 222 2.24

7 2011 10,011 − 110 − 1.09

8 2012 10,471 460 4.59

9 2013 10,740 269 2.57

10 2014 11,221 481 4.48

11 2015 11,846 625 5.57

12 2016 12,706 860 7.26

13 2017 13,280 574 4.52

14 2018 14,600 1320 9.94

15 2019 15,400 800 5.48

Total/Ave 6714.0 MWe 447.60/year 5.15%
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From the year 1990, renewable energy sources recorded 
an average annual growth rate of 2.0%, compared to the 
world’s total energy supply growth average of 1.8%. Solar 
PV led with an annual growth rate of 36.5%, followed by 
wind at 23.0%. Biogases came in at third highest with an 
average growth rate of 11.5%, followed by solar thermal at 
10.9% and liquid biofuels at 9.7% [31]. Geothermal lagged 
behind with average growth of 5.15% between 2005 and 
2019 as shown in Table 1.

Geothermal electricity generation technology for central 
power plants
There are three conventional technologies and a com-
bination of one or more of them that could be used to 
exploit geothermal resources for electricity generation [5, 
32, 33]. These technologies are discussed below.

Dry steam plants
These power plants use dry steam from production wells 
piped directly to the steam turbine. There are very few 
geothermal fields with dry steam, with Larderello in Italy 
being one of them together with the geysers of the USA 
[5]. Dry steam turbines used in dry steam plants require 
geothermal fluids with temperatures of at least 150  °C. 
These turbines can be backpressure or condensing-type 
turbines. For backpressure steam turbines, steam is 
passed through the turbine and vented into the atmos-
phere, leading to twice the amount of steam consump-
tion per produced kilowatt-hours (kWhrs), compared to 
a similar condensing cycle turbine working with the same 
amount of steam. Backpressure turbines are commonly 
used as pilot, or standby plants in the case of small sup-
plies from remote isolated wells as well as for generating 
electricity in the early stages of field development in well-
head power plants. They are ideal where geothermal fluid 
has a high non-condensable gas content in excess of 12% 
in weight since the exhaust is vented into the atmosphere 
[13, 34]. Both central and wellhead power plants can be 
used if they are developed to use dry steam resources [2].

Flash steam plants (single, double and triple)
Flash steam plants are commonly used for water-domi-
nated reservoirs with temperatures above 150  °C. The 
hot pressurized water flows up the well until its pressure 
decreases to the stage where it vaporizes, leading to a 
two-phase water–steam mixture. Steam separated from 
the water is piped to the turbine while separated leftover 
brine, together with the condensed steam may be piped 
back into the source reservoir through reinjection wells, 
or disposed of through other means [34]. The flash steam 

plants work effectively for both central and wellhead 
plants flash steam plants are the most commonly used 
technology in geothermal electricity generation [5].

Binary power plants
The conversion process in binary power plants involves 
vaporizing a working fluid with a low boiling point, which 
could be a hydrocarbon like isobutene. These plants can 
be organic Rankine cycle plants or Kalina plants depend-
ing on the working fluid used. Binary plants can gener-
ate electricity from low-temperature geothermal sources 
typically within the 100–120 °C range and even down to 
a low 70–75  °C, depending upon the availability of geo-
thermal fluid [5, 34]. Binary technology can be used in 
both central and wellhead power plants. With wellhead 
plants the development process becomes more expensive 
and has a longer gestation period. Although the resultant 
plant will yield more power and have less environmental 
impact, binary technology may not be ideal for the quick 
development of temporary wellhead plants, but may be 
more suitable for central power plants and permanent 
wellhead power plants [2].

Combination of the conventional technologies
The heat content of a geothermal fluid typically deter-
mines the technology used on a long-term basis. Dry 
steam plants generally use steam of 150 °C or higher and 
the steam entering the turbine needs to be at least 99.9% 
dry to avoid scaling and/or erosion of the turbine or pip-
ing components [32]. Flash steam plants typically require 
resource temperatures in the range of 177  °C to 260  °C, 
whereas binary plants, which include Kalina plants, are 
designed to utilize geothermal fluids in the range of 85 °C 
to 170 °C with the working fluid being an organic gas like 
isobutane or a NH3/H2O mixture. Single flash plants have 
limited ability to provide flexible power, while binary sys-
tems are flexible and can be used alongside other tech-
nologies that use high enthalpy steam whose output can 
be utilized in binary systems [32, 35–37].

In combination power plants, the geothermal fluid 
is first used for high-enthalpy applications such as dry 
steam power plants or flash steam technology from 
where the fluid is taken to a lower enthalpy generation 
like organic Rankine/Kalina after which the geothermal 
fluid may be re-injected through a reinjection well [5, 
38]. The complex nature of these plants makes it difficult 
to adopt the technology for temporary wellheads, but it 
may be considered for permanent wellhead power plants 
or cases where the development of a central power plant 
would take a much longer period of time [2, 5].
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Geothermal power project cycle management
Geothermal electricity development consists of a suc-
cession of phases, which can be broadly categorized 
as resource exploration, confirmation of geothermal 
resources, site, or field development, and power produc-
tion [39]. These phases can be generally divided into two 
main parts, i.e., exploration and exploitation. Geothermal 
resource exploration comes with high uncertainty and 
risks. The objective of the exploration phase is reservoir 
identification and location, and includes the study of pos-
sible resource use. This comes with significant financial 
risks that must be managed, probably by the use of low-
cost investments. On the other hand, the exploitation 
stage has minor risks but demands massive investment 
[40]. Overall, a project has important dimensions which 
must be managed and controlled, namely, budget, time 
and scope [41, 42].

The geothermal project development cycle consists 
of five phases, namely resource exploration, resource 
assessment, power plant construction, plant operations 
and decommissioning. Each of these phases has several 
steps, or stages ranging from desktop studies, appraisal 
drilling, well testing, production drilling, plant opera-
tions and finally, decommissioning. In some cases, geo-
thermal development has a different number of stages 
but the objective is similar based on prevailing policy and 
legislative framework [43, 44]. A geothermal power pro-
ject comprised the following stages:

	 i.	 Preliminary reconnaissance, which involves the 
study of geology and geochemistry, a geophysics 
survey and a review of the information on the pro-
spective area.

	 ii.	 A detailed surface exploration, which may include 
a temperature gradient drilling survey.

	iii.	 Exploration drilling and well testing to establish 
well sustainability/potential and capacity.

	iv.	 Feasibility studies, which include project review 
and planning.

	 v.	 Geothermal field development, which includes 
production drilling, power plant design and envi-
ronmental impact assessment.

	vi.	 Geothermal power plant construction and com-
missioning.

	vii.	 Operation and management, including reservoir 
management and further development.

	viii.	 Power plant shutdown and abandonment/decom-
missioning after the generation contract or termi-
nation of contract.

Figure  1 demonstrates the geothermal project cycle 
with the stages at which it is possible to generate electric-
ity and hence get early power and return on investment.

Figure  1 shows that early generation and cash inflow 
can be realized as early as the end of the exploration drill-
ing when productive wells are encountered. Other stages 
are the field development and the power construction 
phase. Some wells can be allowed to run on a permanent 
basis based on an analysis of the entire steam field.

Fig. 1  Geothermal electricity project development cycle with stages of possible electricity generation [2]



Page 6 of 23Kabeyi and Olanrewaju ﻿Energ Sustain Soc            (2021) 11:7 

Problem statement
It takes 7 to 10  years to complete a geothermal power 
plant project, which has contributed to the low average 
annual generation capacity growth [2, 5]. However, the 
normal gestation period for a geothermal power plant 
project from project initiation to power station com-
missioning takes about 8  years but with ready project 
financing it could be reduced to 5 years [2, 45, 46]. Addi-
tionally, geothermal energy development and exploita-
tion is a highly risky business undertaking [14], hence the 
need to develop cheaper and more efficient technologies 
and approaches in project implementation. Geothermal 
development involves drilling several wells, one after 
another, which, according to [24], leaves successfully 
drilled production wells idle for many years while await-
ing the drilling of more wells to supply sufficient steam 
for a central power plant. This is wasteful and represents 
lost generation from the idle wells.

Wellhead power plants could be used temporarily to 
generate electricity from wells that had been drilled and 
tested to supply electricity for field development and to 
the grid, hence generating early financial benefits and 
return on investment ahead of project completion. How-
ever, the operation of geothermal wellhead plants is 
associated with challenges such as noise pollution, emis-
sion of gases like hydrogen sulphide and carbon dioxide, 
which air pollution, while atmospheric venting of well-
heads due to trips or lost load could lead to conflict with 
the surrounding community due to deposits which could 
spread to nearby settlements as witnessed in cases like 
the Eburru wellhead plant in Kenya [47, 48]. There is a 
need to establish the potential of wellhead power plants 
as a feasible solution to challenges facing the develop-
ment and exploitation of the significant but unexploited 
geothermal resources, which included long gestation 
periods and substantial development costs as well as the 
risks associated with project development [42, 49].

Other challenges associated with geothermal power 
according to [5, 14, 50] included:

	 i.	 It is difficult to predict the potential of a given site 
or steam field, hence the increased development 
risks as resources have often been spent without 
success being guaranteed.

	 ii.	 The geological conditions, reservoir characteristics 
and the chemical as well as the physical properties 
of each geothermal well and steam field is unique, 
making standardization in geothermal resource 
development and exploitation difficult, which has 
created an optimization challenge.

	iii.	 Most interesting geothermal sites are geologi-
cally unstable due to possible volcanic activity and 
earthquakes, and are hence risky. This adds an ele-

ment of uncertainty to the overall project develop-
ment which incurs additional costs to the project.

	iv.	 Geothermal projects need huge capital expenditure 
for geothermal development, and risky investment 
in upfront activities makes it difficult to attract 
financing capital as there is no guarantee of success 
after the massive investment.

	 v.	 Most geothermal resources are located in remote 
areas with poor infrastructure and located far 
from loading centers and transmission grid facili-
ties. This has led to higher development costs and 
investment in electricity transmission infrastruc-
ture, making the project more costly and time con-
suming to realize.

	vi.	 Geothermal fluid releases condensable gases 
requiring control that influences the type of tech-
nology used: backpressure turbines emit these 
gases directly into the atmosphere while closed 
loop systems/binary systems retain the gases in the 
fluid and are re-injected into the steam field.

	vii.	 Weak financial indicators such as substantial 
upfront costs, stringent bank loan conditions by 
financiers, extended payback periods, and difficulty 
in resource discovery discourages investors and 
project proponents whose upfront costs are typi-
cally high and are seen as risky.

	viii.	 Clear enabling policy and a sound legal environ-
ment are necessary to promote investment in geo-
thermal energy.

	ix.	 There are technical barriers which include reliance 
on a wide range of professionals such as reservoir 
engineers, geologists, mechanical engineers, elec-
trical engineers, drilling engineers, surveyors and 
other professionals with the necessary infrastruc-
ture and skills who are potentially in short supply 
in many countries.

	 x.	 Whereas geothermal energy is relatively envi-
ronmentally friendly, resource development and 
exploitation is associated with noise, greenhouse 
gas emissions, surface disturbance, displacement of 
humans and corrosive brine and has an undesirable 
visual impact. Therefore, making geothermal devel-
opment socially acceptable and adhering to envi-
ronmental regulations present a challenge in many 
cases.

	xi.	 Most globally accessible geothermal resources have 
low enthalpy resources which poses a challenge for 
electricity generation using cheaper conventional 
technologies.

	xii.	 The reinjection of brine where reinjection wells are 
not incorporated has presented a challenge espe-
cially for small power plants. This can cause envi-
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ronmental pollution and unsustainable geothermal 
resource exploitation.

These challenges among others have contributed to low 
growth in geothermal generation capacity and low con-
tribution to the global electricity mix. The many stages 
and phases and related challenges have effectively led to 
long project gestation periods [5, 50]. Wellhead power 
plants have demonstrated the ability to reduce the long 
waiting time to realize electricity and revenue from geo-
thermal electricity projects.

The wellhead versus central powerplants
Geothermal steam fields may cover huge tracts of land 
covering many square kilometers, making the distance 
between wells to be interconnected significantly long 
and therefore expensive to implement in central power 
plants. This often raises the question as to whether it 
would be prudent to install a power plant next to each 
wellhead or develop a large central power plant for all the 
wells to be interconnected. This decision should be based 
on several considerations such as the characteristics of 
the geothermal fluid of each well in the steam field, the 
land topography, financial and economic considerations, 
technical factors such as efficiency and reliability consid-
erations, and existing policy and regulatory frameworks 
[4].

Central power plant
A central geothermal power plant, which is the con-
ventional power plant, consists of several geothermal 
wells interconnected to contribute steam for the opera-
tion of a common turbine or several turbines. Therefore, 
they require extensive field development with several 

pipelines joining the production wells to the turbines in 
the power house [4, 5, 38]. Figure 2 illustrates the general 
configuration of a central power plant with several well-
heads (WH) interconnected by steam pipelines.

Figure 2 shows a central power plant served with steam 
from all the ten wellheads (WH) in a steam field through 
a network of steam pipes running across the steam field. 
This is different from a wellhead power plant where each 
production well has a power plant located next to it as 
shown in Fig. 3. It should be noted that these wells have 
unique characteristics yet they have to be interconnected 
to a central power plant [5, 38]. Figure 3 shows the overall 
general construction of a central power plant.

Figure  3 illustrates Nesjavellir Power Station in Ice-
land with a capacity of about 120 MWe, and a flow rate 
of 1100 L of hot water at 82–85 °C per second at a heat-
ing capacity of 150  MWth, used for space heating. It 
shows the power station connected to several wells by 
long steam pipes. Therefore, central power plants can be 
designed to supply thermal and water for direct applica-
tions in addition to electricity generation.

Wellhead power plants
Wellhead technology involves using steam from geother-
mal wells that have been drilled and are productive but 
remain idle, awaiting the development of a conventional 
geothermal power plant to generate electricity. In some 
cases, wellheads are built on a permanent basis on iso-
lated geothermal wells. This makes it possible for inves-
tors to get early electricity and cash inflow before the 
completion of a central power plant or continue with gen-
eration from a single or a few production wells in form 
of wellhead power plants [46]. In wellhead electricity 

Fig. 2  Configuration of a central power plant [4]
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generation, steam from a geothermal well is converted 
to electricity in a wellhead power plant unit installed just 
above or close to the drilled geothermal well. The plant 
has no steam field development except for the brine and 
cooling tower blow-down disposal systems developed for 
the wellhead plant.

Figure  4 demonstrates the arrangement of wellhead 
power plants in a steam field.

Figure 4 shows a steam field with each well having a 
power plant next to it. Steam from the production well 
is piped to the wellhead generator unit which is just a 
few meters away. Figure  5 shows an operating 5-MW 
wellhead power plant at Olkaria in Kenya installed on 
a well pad.

Figure 5 shows a wellhead plant at Olkaria with compo-
nents constructed on a common foundation with just few 

Fig. 3  Nesjavellir power station in Iceland, a central geothermal power plant [51, 52]

Fig. 4  Wellhead power plants [4]
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civil works and smaller parts compared to central power 
plants.

Wellhead power plants have fewer permanent civil 
works and could be containerized, or skid-mounted for 
easy and faster transfer from one well site to another 
[54]. This makes geothermal wellhead power plants sim-
pler and cheaper to develop compared to central power 
plants. Ref. [55] defined a wellhead geothermal plant as 
‘a modular miniature electricity generating plant that is 
installed within the confines of a geothermal well pad’. 
The electricity generated from wellheads can be fed to 
the national or regional electricity grid depending on the 
applicable voltage and available electricity evacuation 
infrastructure. Wellhead power plants are relatively small 
in size and can be installed on the well pad of a geother-
mal well. They also vary in size, and generally generate 
between 100 kWe and 15 MWe [5, 25, 38, 56]. The instal-
lation is of short duration and generally takes between 3 
and 6 months to assemble and commission.

Wellhead power plants can be used to optimize pro-
duction by being customized to given well-specific con-
ditions. They significantly overcome the shortcomings of 
traditional methods of exploiting geothermal resources 
such as long gestation periods and underutilization of 
some interconnected wells in central generation that have 
unique properties within a steam field [2, 5, 21]. Accord-
ing to [56], wellhead power plants could be developed as 
temporary installations and later relocated to new steam 
wells, or developed as permanent wellhead plants with no 
intention of relocation. This meant that decisions need to 
be made about either wellhead or central plants and then 
about temporary or permanent wellhead options by the 
planners, designers and investors for optimum resource 
development and use.

Geothermal wellhead versus conventional/central power 
plant
Generally, large power plants have a lower unit cost of 
power output and higher efficiency than small equipment 
and plants. However, geothermal wellhead plants have 
a similar capital cost per unit of power to large central 
power plants because of the simplified balance of plant 
systems and a more modularized arrangement, giving 
them the desired flexibility. Therefore, although wellhead 
plants are less efficient, they have considerable other 
benefits over and above the more efficient central power 
plants [56].

Power plant efficiency and specific steam consumption
Wellhead power plants, which generally consist of smaller 
equipment, have relatively lower efficiency and higher 
specific steam consumption than conventional geother-
mal power plants. This is a notable drawback of wellhead 
power plants compared to the central plants [56]. This 
is illustrated in Fig. 6, which shows the steam rate com-
parison between a large-scale central power plants and a 
small-scale wellhead plant of 5 MW like the one made by 
the Green Energy Geothermal (GEG) company that man-
ufactures geothermal wellhead power plants with stand-
ard sizes of 3.5 to 10 MW per module [57].

From Fig.  6, it can be observed that as the steam 
inlet pressure reduces, the specific steam consumption 
increases for both central power plants and wellhead 
power plants, but the specific steam consumption (SSC) 
is relatively lower in central power plants compared to 
geothermal wellhead power plants. Therefore, central 
power plants have higher conversion efficiency than the 
wellhead power plants.

Fig. 5  A GEG 5-MW C50 wellhead plant at Olkaria in Kenya [53]
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Separation pressure in wellhead and central power plants
The steam separation pressure has a significant impact 
on the overall efficiency of the power plant. The selection 
of separation pressure requires an evaluation of the char-
acteristic curves of the individual wells in order to select 
the optimal pressure [2, 56, 58]. Wells from the same 
steam field usually have different characteristics, hence 
the need to analyze the characteristics of each well sepa-
rately [59]. Since the wells operate at a combined optimal 
single pressure system for central power plants, there is 
a need to optimize the pressure conditions which may 
render some wells ineffective at the selected pressure 
whenever their wellhead pressure is below the separation 
pressure. This leads to lost generation that can be as high 
as 5–20% of the installed geothermal capacity [56]. Fig-
ure  7 shows the well steam flow as a function of steam 
pressure for an individual well.

Figure 7 shows the steam pressure and flow character-
istics of steam from a wellhead. In wellhead power plants, 
the steam has to be optimized separately for optimal 
performance in power generation from a given well in 
a steam field [2, 21]. From Fig.  7, it is noted that at no 
steam flow conditions, the pressure is about 37.5 bars 
while at zero wellhead pressure, the flow rate is about 
44  kg/s. These two extremes are not desirable for opti-
mum performance of a wellhead. In the case of a central 
power plant, all the wells are interconnected via a com-
mon steam separator or flash tank. Figure  8 illustrates 
steam at different pressures and the flow characteristics 
from different wells interconnected in a central power 
plant [4]. There is a need to select the separator pressure 
that will ensure optimum resource use and which may 
exclude some wells from the system.

Fig. 6  Relationship between steam rate and turbine inlet pressure for wellhead and centralized geothermal plants [5, 57]

Fig. 7  Well flow rates as a function of steam pressure for an individual well [4]
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Figure 8 shows well flow curves as a function of pres-
sure and demonstrates that for wellhead power plants, 
individual wells can be operated independently at their 
own optimal pressure, eliminating wastage as a result of 
low closing pressure where central power plants are used. 
The result is higher total output from a given geothermal 
well and field. This counteracts the lower efficiency that 
results from using smaller equipment in wellhead power 
plants for electricity generation.

Therefore, developing a field with a wellhead instead of 
a large-scale plant is an option technically worth consid-
ering. Since each geothermal field and geothermal well 
has different characteristics, they each have to be ana-
lyzed separately before the wellhead power plant can be 
designed. If the geothermal field shows significant vari-
ation in individual well characteristics, wellhead power 
plants are a more feasible option than central power 
plants. It is also practical to have a mixed field develop-
ment where both central power plants and wellhead 
plants are developed [56].

Geothermal fluid collection systems
Wellhead power plants are installed at the wellhead and 
therefore the steam gathering system is minimal com-
pared to central geothermal power plants. The effect is 
the reduced cost of the piping system, pressure loss and 
visual pollution from pipe networks [5]. Spent geother-
mal liquid needs to be disposed of into the reservoir 
through reinjection wells, which facilitate sustainable and 
environmentally friendly utilization of geothermal fluid. 
However, in wellhead power plants the used fluid needs 
to be collected from each well and piped to the reinjec-
tion sites, which is a drawback as it increases costs [56].

Control system for a wellhead versus central power plant
The operation and control of wellhead power plants is 
such that each wellhead plant has its own instrumenta-
tion and control system. This implies that where the 
entire field is developed with wellhead plants, several 
similar control rooms are widely spread across the steam 
field, making it expensive and costly in terms of man-
power and monitoring requirements compared to central 
power plants [56].

Grid connection system
Electricity from wellhead power plants may be con-
nected to a high-voltage transmission system or a low-
voltage distribution network. In the latter case, the 
power evacuation is affected by consumer demand fluc-
tuations and changing conditions, leading to instability 
and frequent tripping as in the case of Eburru wellhead 
power plant in Kenya [48]. The many wellhead power 
transmission lines interconnecting the wellhead gener-
ators and substations have a negative visual impact just 
like the steam gathering system of large/central power 
plants. It is, however, optional to put the power lines 
underground, but results in some additional cost. Such 
an option is currently not considered feasible for steam 
gathering piping [56].

Non‑condensable gas emissions
Emission of non-condensable gases is the same for 
wellhead and central power plants as this is influenced 
by the chemistry of the geothermal fluid from a spe-
cific well. These gases, mainly carbon dioxide (CO2) 
and hydrogen sulphide (H2S) are spread over a larger 
area, hence there is better disbursement of these gases 

Fig. 8  Well flow rates as a function of steam pressure for interconnected wells [56]
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compared to central power plants [56]. This reduces 
the pollutant density over the power plant area, but the 
overall environmental impact remains the same [2].

Summary of differences between wellhead and central 
power plants
The differences between central power plants and geo-
thermal wellheads are summarized in Table 2.

Permanent versus mobile geothermal wellheads 
plants
Mobile geothermal wellhead plants
Wellhead power plants could be used by investors to real-
ize early electricity generation and revenue from produc-
tive wells while steam field development is still progressing 
[2, 5, 38]. In this case, ease of shutdown and relocation in 
terms of time is very important. The downtime is influ-
enced by the technology used and thus the power plant’s 
complexity. To minimize the downtime of the plants, civil 
engineering works for the new sit should be ready before 
dismantling of the old plant takes place [43].

Wellhead power plant decommissioning and relocation
During wellhead decommissioning and relocation, signifi-
cant activities, according to [56], include:

	 i.	 The wiring between the various pieces of equip-
ment has to be removed.

	 ii.	 Internal wiring within cubicles and between cubi-
cles in the electrical container and on the turbine/
generator should be portable.

	iii.	 The pipes are disconnected at the flange connec-
tion or are cut into smaller portable pieces.

	iv.	 Insulation is removed during dismantling and 
replaced during assembly.

	 v.	 The equipment in the steam supply has to be 
looked into when relocation is considered, espe-

cially as it is not a given that the pipes and equip-
ment can be utilized at the new location, for exam-
ple, control valves at the brine site depend heavily 
on the enthalpy of the well.

Comparison of relocation time and downtime 
between wellhead technology options
The time required to relocate a wellhead power plant of 
5 MW was as follows for three basic generation technolo-
gies, according to [4].

From Table  3 it can be noted that the back pressure 
plants are the simplest and fastest to move followed by 
the condensing power plants, while the binary power 
plants are the most complex and difficult to stop, disman-
tle, relocate and reassemble. Therefore, if the wellhead 
power plants are temporary and are being used for quick 
or temporary power generation, for example, for emer-
gency or steam field development, then the back pressure 
wellhead plants offer the best solution in terms of quick 
delivery and shorter relocation time.

The time estimates assume that the plant design 
and layout is not changed. Table  3 shows that it will 
take between 6  months for back pressure plants and 
11  months for binary plants to be decommissioned, 
moved and reconnected to a wellhead power plant at 
a different site, depending on the complexity of the 
technology used. This duration includes the time for 

Table 2  Differences between central power plants and wellhead power plants [2, 56]

Parameters Central power plant Wellhead power plant

1 Setup period Takes more than 2 years to set up Takes between 3 and 6 months

2 Customization Not site specific Customized to specific site conditions

3 Number of wells Fed by multiple steam wells Normally operate on a single well

4 Capacity factor Higher capacity factor Lower capacity factor

5 Operating efficiency Higher efficiency Lower efficiency

6 Power evacuation High voltage Can use low voltage

7 Non-condensable gases Well dependent Well dependent

8 Flexibility and portability Not flexible and not portable Flexible and portable

9 Specific steam consumption Low specific steam consumption High specific steam consumption

Table 3  Comparison of condensing, back pressure and binary 
wellhead plants [2, 4]

Generation technology Relocation time 
(months)

Downtime 
(months)

Condensing power plants 6 3

Back pressure power plants 4 2

Binary power plants 7 4
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dismantling the plant, moving it to a new site and assem-
bling and testing it at the new site.

Design and construction of wellhead plants
Wellhead power plant description
A wellhead power plant consists of the following main 
systems and elements:

	 i.	 Steam system, i.e., the hot and cold ends.
	 ii.	 Turbine and generator set.
	iii.	 Electrical and control system.
	iv.	 The production well.
	 v.	 Instrument and control systems.

The plant consists of a turbine generator unit that oper-
ates on one single steam and condensing system [2]. Fig-
ure  9 shows the main components of a wellhead power 
plant.

Figure 9 shows the main elements of a wellhead power 
plant, namely, the cooling towers, generators, control 
containers, production well, steam piping, silencer, sepa-
rator and the turbine, which is coupled to a generator.

Technical features of wellhead power plants
Characteristics of wellhead power plants
According to [5, 54, 60], the characteristics of wellhead 
power plants include the following:

	 i.	 The plants can be activated without auxiliary 
power except for battery banks for instrumentation 
and control operations as they have turbine-driven 
oil pumps and mechanical–hydraulic controls.

	 ii.	 They are an attractive investment as investors can 
quickly realize the cash flow during the project 
development phase.

	iii.	 They can guarantee optimum electricity from the 
prevailing specific well conditions as the wellhead 
plant operation can be made unique to the charac-
teristics of the well-used, hence maximum electric-
ity generation can be realized.

	iv.	 With geothermal wellheads, rapid deployment of 
geothermal electricity is possible as modularized 
preassembled units are used, which significantly 
reduce the lead times.

	 v.	 Wellheads reduce risks as the plants are small and 
in the case of plant failure, they can be quickly 
decommissioned and moved to another site. This 
reduces failure risks for investors.

	vi.	 Reduced costs of electricity are seen since well-
heads are designed to specific well conditions 
which can be optimized for higher generation 
based on the prevailing well conditions. Together 
with simplicity and ease of operation and mainte-
nance, the overall cost of generation is reduced.

	vii.	 There is reduced pollution from using the well-
heads as electricity from the wellheads can be used 
for field operations like drilling which displaces die-
sel generators. As an example, the Menengai wells 
03 and 04 in Kenya used US $ 1.2 million in the 
form of diesel and related equipment, which was 
about 25% of the cost of the wells.

	viii.	 Quick development is possible with wellheads. The 
Green Energy Group estimated that a central plant 
takes about seven years to complete while it takes 

Fig. 9  Wellhead power plant [2, 5, 54, 55]
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about one year to design and install a wellhead 
plant of up to 15  MW capacity. This significantly 
reduces the time between exploration and revenue 
generation.

	ix.	 Wellhead plants can lead to integrated investment 
as they can be incorporated with other economic 
activities like manufacturing and farming, lead-
ing to higher benefits compared to central power 
stations which are complex and cannot easily be 
incorporated with other economic activities.

	 x.	 Wellhead power plants are easy to transport, install 
and commission.

	xi.	 Wellhead power plants have higher efficiency, 
capacity factors and reliability compared to other 
power plants like diesel power plants, but have 
lower efficiency than central geothermal power 
plants.

Technology options in wellhead and central power 
plants
There are three basic types of work cycles that can be 
applied in electricity production in geothermal wellhead 
power plants. They are condensing, back pressure and 
binary (ORC) just like in central power plants.

Flash power plants
Flash technology is used whenever the geothermal fluid 
consists of a mixture of liquid/water and vapor/steam [5]. 
Flash steam plants are the most common power plants 
globally and are preferred where fluid temperature range 
between 150 and 180 °C. In these plants, the geothermal 
fluid from the production well is flashed to steam in a 

flash tank/vessel and the resulting dry steam is directed 
to the turbine and then to the condenser [61].

Condensing (single flash) plant
This technology is adopted for a liquid-dominated geo-
thermal system [5, 60]. In these plants, a two-phase fluid 
is piped from the production well to the steam separa-
tor where the liquid fluid is separated from the steam. 
The liquid is then directed to a reinjection well. The 
steam then flows from the separator to the steam turbine 
which turns it as it expands through the turbine and, by 
so doing, rotates the generator coupled to it to gener-
ate electricity. The exhaust steam goes to the condenser 
where it is condensed to water with heat transferred to 
the condenser coolant which is normally circulating 
water. The cooling tower is used to cool the condenser 
water [56]. The separated water, or brine may be re-
injected to the underground pipes through a reinjection 
well [60].

A typical example of a successful single-flash wellhead 
plant is in Naivasha, Kenya, where the Oserian Develop-
ment Company, which is a horticultural flower company, 
in collaboration with the Kenya Electricity Development 
Company and the Green Energy Group company, devel-
oped a 5-MW wellhead plant in 2012 which is currently 
still operational [60]. Figure  10 illustrates a single-flash 
power plant.

Figure  10 shows the main elements of a flash steam 
plant with production well, separator, steam turbine 
condenser and condensate pump. The reinjection well is 
included, but some wellhead power plants do not have 
reinjection facilities [2].

Fig. 10  Single-flash power plant [62]
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Double‑flash wellhead system
In double-flash wellhead systems, two stages of flashing 
are done in two different separators operating at different 
pressures, one after the other, to produce steam at differ-
ent pressures that is then introduced into the turbine at 
different stages of the turbine blades [5]. Figure 11 illus-
trates a double-flash geothermal system.

Figure 11 shows the system with one production well 
and one reinjection well but with two steam separa-
tors operating at high and low pressure interconnected 
with flash steam from both separators being directed 
to a steam turbine at different stages in the steam 
turbine.

According to [63], flash-type plants were ideal for 
corrosive steam, but the turbine had to conform to a 
high level of technology and was hence expensive. 
According to [58], flash plants were historically used 
for temperatures in excess of 150 °C, but [64] observed 
that flash technology could be employed for tempera-
tures as low as 110 °C.

Back pressure wellhead plants
The back pressure wellhead power plant makes use 
of a back pressure steam turbine that vents into the 
atmosphere [56]. According to [62], the back pres-
sure system was simple in construction and cheaper, 
but had lower thermal efficiency and was preferred 
in multiple use applications such as CHP applications 
and applications where energy efficiency was a prior-
ity. They could generally be used for resources at tem-
peratures between 200 and 320 °C [5]. The cost of back 
pressure power plants is much lower than condensing 
power plants. In terms of efficiency, since steam is not 

condensed, it has much more energy at the turbine 
exit, hence lower conversion efficiency [56]. Figure 12 
illustrates a back pressure wellhead generation system.

The main feature of the back pressure turbine sys-
tem as shown in Fig. 12 is that steam exhausting from 
the turbine is released into the atmosphere through an 
atmospheric exhaust device/system.

Organic Rankine cycle (binary) and Kalina cycle
Binary plants are designed to operate with two cycles: 
a geothermal fluid loop and a power cycle loop, which 
can be either the ORC or the Kalina cycle. The technol-
ogy is commonly adopted for all liquid geothermal flu-
ids or medium–low temperature geothermal resources 
generally lower than 150 °C [5, 61].

In binary power plants, a low-temperature boiling 
fluid is heated and evaporated in the vaporizer and 
preheater and directed to the steam turbine. The sec-
ondary fluid exits the turbine at a lower pressure after 
expansion in the turbine and goes to the condenser 
where it is condensed. In the Kalina cycle a mixture of 
70% ammonia and 30% water is used as the working 
fluid and has the potential for better energy efficiency 
compared to the Rankine cycle [19]. The Kalina cycle 
is a modified Rankine cycle with distillation/separator 
and absorption/recuperator components invented by 
Alex Kalina in the 1980s. Kalina cycle plants are safe, 
have lower capital cost and are simpler in construction 
and can work in small power plants as well as conven-
tional plants of 50–100  MW. With optimization [36], 
the Kalina cycle is more efficient and yields up to 14.7% 
more power than the Rankine cycle [35, 36].

A feed pump circulates the condensed binary fluid 
to the preheater where it is vaporized. The geothermal 

Fig. 11  Double-flash wellhead system [62]
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fluid may be re-injected back into the reservoir via the 
reinjection well. Cooling has to take place in the con-
denser and this is affected by either water (wet cooling) 
or air (dry cooling). Therefore, heat transfer takes place 
in the preheater, evaporator and condenser [56]. In the 
preheater, heat from the turbine exhaust is passed to 
the working fluid before it goes to the evaporator as the 
exhaust then moves to the condenser where the cooling 
water or air extracts the remaining heat. Figure 13 illus-
trates an organic Rankine cycle wellhead plant.

Figure  13 shows the organic Rankine cycle with the 
main elements being the production and reinjection 
wells, the feed pumps for cooling the water and organic 
fluids, the condenser, the preheater and the turbine gen-
erator set.

According to [63], binary power plants use a low-
temperature boiling medium like pentane which might 
be flammable hence risky, have higher piping require-
ments and incur higher operation costs. A common 
configuration of binary cycle plants uses a submers-
ible pump which guarantees stable geothermal well 

Fig. 12  Typical back pressure turbine/generator conversion system [62]

Fig. 13  The organic Rankine cycle [63]
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production but is affected by scaling, cavitation and 
corrosion and hence the pumps have a short lifespan 
[61, 63].

Binary plants can be used for low enthalpy steam or 
the liquid phase from the separator or waste heat from 
the steam turbine [65]. The challenge remains high 
operation and maintenance costs, and high initial costs. 
Wellhead and central power plants could both apply the 
organic Rankine cycle technology plants [53].

Choice of technology
For wellhead power plants, the choice of technology is 
influenced by:

	 i.	 The enthalpy and temperature of the geothermal 
fluid.

	 ii.	 The cost of technology with back pressure being 
the cheapest and ORC and Kalina cycle plants 
being the most expensive.

	iii.	 Availability of financing with respect to the cost of 
technology chosen.

	iv.	 Application of the wellhead, i.e., temporary or per-
manent application. More efficient and expensive 
technology is ideal for central power plants and 
permanent wellhead power plants.

	 v.	 Expected duration of operation, simple and cheap 
option is ideal for power plants needed for a 
shorter period [2, 5].

Geothermal wellhead plants 
and the socio‑economic impact
Geothermal power generation is associated with some 
negative impacts to the environment caused by non-
condensable gas emissions, brine effluents and other 
undesirable audio-visual effects from the power plant 
construction and operation processes. According to [56], 
geothermal steam pipelines and power transmission lines 
had some negative visual impacts on the environment. 
The emissions in the form of CO2 and H2S happened to 
be the same for geothermal wells regardless of the gener-
ation mode or the technology used in electricity genera-
tion. However, for wellhead power plants, the emissions 
were distributed over a wider geographical area com-
pared to central power plants, hence reducing the density 
of pollutants from geothermal fluid around the power 
plant.

Geothermal wellhead plants like the central power 
plants have negative environmental consequences. 
According to [47, 48], one of the challenges of operat-
ing wellhead power plants was the venting of geother-
mal fluid from the production well whenever the turbine 
tripped. This had environmental consequences such 

as silica deposits as witnessed at the Eburru wellhead 
power plant which led to conflict with the surrounding 
community.

Conflict and stakeholder engagement
All power projects should be subjected to an environ-
mental and social impact assessment. This calls for early 
engagement with the community as well as continuous 
engagement during the project execution phase. This 
would make it possible to control issues that would usu-
ally arise. Several stakeholder engagement strategies 
should be used and these include workshops, consulta-
tive meetings, exchange visits, public presentations and 
hearings and participatory research processes [66]. These 
techniques could be used to generate information and 
provide facts and also to resolve any conflict that might 
arise in the course of the project planning and execution 
phases. All stakeholders should therefore be identified by 
carrying out the stakeholder analysis so as to determine 
their interests, whether a central or wellhead project was 
being developed [47]. This discussion implies that both 
wellhead power plants and central power plants have 
negative social and environmental impacts which should 
be addressed for successful project implementation.

Operational challenges of wellhead power plants
Greenhouse gas emissions and global warming have the 
greatest environmental impact that should be considered 
in the design and operation of all power plants [8]. The 
concerns over global warming and other environmental 
challenges like acid rain have prompted the commitment 
to reduce reliance on fossil fuels [67, 68] in exchange for 
renewable sources of energy [69]. Wellhead power plants, 
just like central power plants, were associated with sig-
nificant issues and challenges. Successful utilization 
of geothermal resources for electricity generation was 
dependent on the existence of few or no emissions and 
efficient conversion technologies [61]. According to [70], 
unsustainable geothermal extraction practices previously 
caused several environmental issues such as land subsid-
ence and the disappearance of geysers in New Zealand 
[5]. In Kenya blow-offs occasioned by frequent trips at 
the Eburru wellhead plant led to conflict with the local 
farmers due to deposits from the geothermal wellheads 
[48].

Apart from operational challenges like trips which 
often lead to a blow-off and hence pollution, non-con-
densable gases present a significant environmental chal-
lenge except for organic Rankine technology where the 
gases are confined in the fluid loop and re-injected back 
through the reinjection well. The use of a gas extraction 
system would allow a condenser to operate although CO2 
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is still often emitted into the surroundings. An effort 
should be made to capture or isolate the non-condensa-
ble gases which pose an environmental pollution threat 
from both the wellhead and central power plants [61].

Therefore, the operation and maintenance of geother-
mal wellhead power plants brings environmental chal-
lenges which must be addressed by the developers in 
close collaboration with stakeholders. These challenges 
are brine effluent, noise pollution, a repugnant smell from 
H2S and deposits on crops. Investment in technology to 
trap the non-condensable gases is important while rein-
jection, besides managing pollution, leads to sustainable 
geothermal resource management [2, 54]. The several 
plant trips raise concerns about the technical viability of 
the geothermal wellhead technology as they impact both 
the reliability and capacity factor of the power plant.

Feasible applications of wellhead vs central power 
plants
Various studies have made suggestions about the circum-
stances under which wellhead power plants or central 
power plants are more feasible in geothermal electricity 
generation. These may vary from steam field to steam 
field [4, 58]. Notable applications included:

	 i.	 Cost of steam gathering systems

	The most costly item in the steam gathering system is 
the pipelines, where the length of pipeline required 
is a significant factor, while the terrain might influ-
ence the design, pumping requirements and trans-
mission losses along the way between the wells and 
the power plant. Where the terrain is rough and 
the wells too far apart from one another, it might 
be technically and economically more feasible to 
develop permanent wellhead plants as opposed to 
central power plants. On average the cost of gath-
ering steam was about US$ 250/kW [4, 71].

	 ii.	 Time difference between commissioning of well-
head plant and central power plant delivery

	The time difference between the commencement of 
a geothermal power project and the power plant 
commissioning is an important factor in deciding 
whether to invest in a wellhead power plant or the 
direct development of a central power plant with-
out the option of using wellhead generators. Where 
the time period is long, a wellhead power plant 
becomes an attractive option, but where the deliv-
ery time is reduced or is significantly lower, then 
direct development of a central power plant would 
be more attractive than the wellhead power plant 
option in the case of temporary wellhead develop-
ment model [4, 72].

	iii.	 Wellhead plant technology options
	The choice between the various wellhead power plant 

technologies is also considered important in 
wellhead power plant development. In general, 
where the time delivery period was longer than 
12 months, a condensing turbine wellhead plant 
offered the best cost benefit solution while the 
binary cycle plants offered the highest power out-
put per unit of steam but required higher invest-
ment capital [4, 5].

	iv.	 Wellhead power plant in early stages of project
	In this development model, wellhead power plants are 

installed on a temporary basis on each well after it 
has been drilled and tested, with separation pres-
sure being specific and unique to each well. In 
this development model, back pressure, condens-
ing and extraction turbine technology could be 
selected. The technology selected should optimize 
generation and cost, with the salvage value of the 
wellhead power plant being a guiding principle. 
Binary plants would give more power at higher cost 
while back pressure turbine plants would give less 
power at lower cost per unit of power produced [4, 
5].

	 v.	 High-enthalpy geothermal fluid
	For geothermal wells with high-enthalpy fluid, well-

head power plants provide a more feasible solution 
for almost all scenarios including the technology 
adopted, separator pressure, payback period and 
time difference analysis [4, 5, 72]. Therefore, well-
head plants should be considered for wells with 
high-enthalpy geothermal fluid for optimized gen-
eration.

	vi.	 Low-enthalpy steam
	Low-enthalpy wells pose a challenge to central power 

plant development because they lower the effec-
tive separation pressure to their low levels. They 
therefore reduce the contribution of high enthalpy 
and high pressure wells to the electricity genera-
tion which is limited to separator pressure. On the 
other hand, increasing separator pressure to corre-
spond to high pressure and enthalpy wells cuts out 
the supply from low-pressure wells rendering them 
useless in the generation system [2, 4].

It is worth noting that for geothermal fluids with high 
enthalpy, the recommended optimized separator pres-
sure might be higher than what the current equipment 
in the market could handle, hence the need for further 
development in wellhead technology equipment for 
wider application and adoption [2, 4, 71, 72].



Page 19 of 23Kabeyi and Olanrewaju ﻿Energ Sustain Soc            (2021) 11:7 	

Research findings
This study came up with the following findings on well-
head power generation technology with respect to the 
conventional wellhead electricity generation setup:

	 i.	 Specific steam consumption is relatively lower in 
central power plants than in geothermal wellhead 
power plants, hence there is more steam economy 
and power output per unit steam output.

	 ii.	 The organic Rankine cycle is the most efficient 
although more costly system in both central and 
wellhead power generation, but may not be the 
best for short period temporary wellheads due to 
the higher delivery and disassembly time required.

	iii.	 Where a geothermal field has significant varia-
tion in well characteristics for all successful wells 
drilled, wellhead plants become a more feasible 
option than a central power plant as they lead to 
optimum resource utilization since they help opti-
mize generation to specific well characteristics.

	iv.	 It is technically feasible to have a mixed field devel-
opment where both central power plants and well-
head plants are used based on the varying charac-
teristics of geothermal steam fields and individual 
wells.

	 v.	 The cost of back pressure wellhead technology is 
lower than condensing and ORC technology, but it 
is an inferior technology option in wellhead power 
generation.

	vi.	 The gaseous emissions like CO2 and H2S from a 
geothermal well are constant regardless of whether 
they are connected to wellhead plants or central 
power plants. However, for wellheads, these gases 
are dispersed over a wider area since the plants 
are widely spread over the entire steam field as 
opposed to a central power plant where gases from 
all the wells are emitted from a central point.

	vii.	 For geothermal fields with significant variation 
in well characteristics, wellhead power plants can 
be used on a permanent basis to ensure optimum 
generation from a geothermal steam field by opti-
mizing generation from specific wells based on the 
well’s unique prevailing characteristics.

	viii.	 The central geothermal power plant has higher 
overall efficiency than the wellhead power plants, 
leading to lower specific steam consumption and 
better resource utilization.

	ix.	 The specific steam consumption of a central power 
plant is lower than the specific steam consumption 
of wellhead power plants for steam with similar 
properties.

	 x.	 For countries with stringent environmental regula-
tions like Japan, which has significant geothermal 

resources in protected national parks, the use of 
wellhead power plants is recommended as opposed 
to central power plants since they will have less 
environmental impact from pipelines, and well 
emissions which are dispersed.

	xi.	 Reinjection of used geothermal fluid becomes a 
challenge with geothermal wellhead plants and 
a solution is to pipe the fluid to a reinjection well 
which is costly, especially where only one well 
exists.

	xii.	 The operation and control of several wellhead 
plants in a geothermal field is more demanding 
than a central plant since each wellhead has to be 
separately operated and controlled in addition to 
a combined monitoring system for all wellhead 
plants in a field.

	xiii.	 A geothermal field with several wells leads to a 
network of several transmission lines in the field 
which can have a negative visual impact similar to 
the one caused by streamlines in the case of central 
power plants.

	xiv.	 Wellhead power plants often operate at low volt-
age, which facilitates connection to the electricity 
distribution grid, making decentralized genera-
tion possible. This, however, makes the generation 
susceptible to consumer demand changes affect-
ing generation and may cause trips during power 
surges. This reduces the reliability and efficiency of 
electricity generation and leads to steam blow-off 
whenever the plant trips, causing ecological pollu-
tion.

	xv.	 Wellhead plants can be used as either temporary 
or permanent plants. Where they are used as tem-
porary plants, relocation time is an important con-
sideration with back pressure turbine plants being 
the quickest and binary plants being the slowest to 
relocate as they are more complex in construction. 
This also influences the viability of the project and 
the overall project cost, hence the need for proper 
selection.

	xvi.	 Whereas wellhead power plants can be found in 
sizes of 1 to 15  MW, the minimum practical size 
based on economic consideration is 3–5  MWe. 
However, the specific well characteristics may 
influence the size and the technology used for 
proper plant sizing.

	xvii.	Manifolding, or tying together wells with different 
pressures, forces the high-pressure wells to blow 
off excess energy and pressure in central power 
plants. This problem can be solved by using well-
head power plants which maximize the use of pre-
vailing well-specific conditions, hence leading to 
optimized generation.
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	xviii.	 Atmospheric venting occasioned by wellhead 
plant trips or rapid loss of load, hydrogen sulphide 
gas odor, noise pollution and brine effluent disposal 
are the leading environmental concerns about geo-
thermal wellhead power plant operations. These 
emissions are also characteristic of central power 
plants.

	xix.	 Most wellhead and small geothermal power plants 
do not use reinjection wells. Whereas this would 
reduce costs, it compromises the overall sustain-
ability of resource use in the long term.

Conclusion
The long gestation period and high upfront costs and 
risks in the development of central geothermal power 
plants are the main reasons for the slow rate of geo-
thermal electricity growth and contribution to the total 
electricity mix globally. Between 2005 and 2019, the 
growth in global geothermal electricity capacity was 
about 6714 MWe, representing an average annual incre-
ment of geothermal generating capacity of 447.60 MW/
year, which was an average annual growth of about 5.15%. 
Geothermal power plants can be developed either as 
conventional central power stations or wellhead power 
plants. Wellhead plants can be developed as temporary 
or permanent plants. Where wellhead power plants are 
used on a permanent basis, they are a better option for 
steam wells with too low or too high pressure compared 
to others in the steam field. In the temporary application 
model, wellhead power plants generate more benefits 
where there is more time in respect of the time difference 
from the moment a wellhead power plant could start to 
produce electricity compared to the moment a central 
power plant could start to produce electricity. Where the 
time period to develop a central power plant is shorter 
than 1  year, it may not be beneficial to use wellhead 
power plants instead of central power plants for tempo-
rary application model.

Both central and wellhead plants have a relatively 
higher capacity factor than other power plants and so 
can be used to supply base load electricity for the grid 
or decentralized power supply. Wellhead power plants 
are becoming more attractive because they come as 
factory-built modules that are simple and quick to con-
struct, leading to shorter project lead times compared to 
conventional central power stations. Their simplicity and 
modularity, however, affects their generation efficiency 
and ultimately the use of available geothermal resources 
as they are relatively less efficient. Wellhead power plants 
can be used in either temporary or permanent mode, 
which ultimately influences the selection of the most 
appropriate wellhead technology. As for central power 

plants, the main considerations are the steam character-
istics, availability of technology and the cost of the tech-
nology and its affordability. Since portable geothermal 
wellhead plants are assembled on a common base, then 
shipped to the site, the result is reduced installation and 
modification work, thus making it cheaper and faster to 
install, commission and decommission the plants. These 
generally reduces the unit cost of investment and hence 
power from wellhead power plants.

Wellhead and central power plants use the same tech-
nologies except that wellhead plants are smaller in size 
and may have some features such as reinjection wells 
missing. Wellhead plants have lower efficiency and higher 
specific steam consumption (SSC) compared to central 
power plants. To improve on their efficiency and avail-
ability, combined steam and power application is encour-
aged in the form of combined heat power plants (CHP). 
The geothermal heat application includes agriculture 
and industrial process use such as distillation and district 
heating. There is a need to develop policy initiatives that 
will address the technical, financial, environmental and 
legal initiatives that will accelerate geothermal electricity 
generation by incorporating wellhead plants in the pro-
ject’s execution cycle and address the challenges facing 
the technology and overall geothermal energy develop-
ment. This may include legislation on the reinjection of 
geothermal fluids for small wellhead plants, and other 
environmental and sustainability concerns, which require 
external enforcement to succeed.

The use of both wellhead and central power plants 
is feasible technically, environmentally, socially and 
economically and they can complement one another 
depending on the prevailing conditions of the steam field. 
Wellhead power plants could facilitate a reduction in 
the capital cost of projects, a reduction of development 
risks, quick revenue and an attractive return on invest-
ment. Whereas wellhead power plant units exist with 
capacity up to 15 MW, recent developments have drilled 
high enthalpy wells of wellhead pressure much more 
than 15 MW. Therefore there is need to develop wellhead 
units with high pressure denominations for use on such 
wells to avoid wastage of steam and capacity.

Policy implication and recommendations
Although a straight economic comparison between well-
head power plants and central power plants has indi-
cated that wellhead plants may not compete favorably, 
they possess unique and desirable characteristics which 
can offset their economic and technical disadvantages. 
These desirable characteristics include reusability, low 
capital investment, portability, and rapid power produc-
tion ability. Further research into the economic viability 
of wellhead power plants need to be done to quantify the 
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benefits. The design of wellhead power plants needs to 
take into account noise pollution, reinjection of fluid and 
hydrogen sulphide’s repugnant smell which are the main 
environmental concerns for operating wellhead power 
plants such as the one at Eburru in Kenya, although 
similar challenges can affect central power plants. More 
studies on the long-term viability of wellhead plants in 
respect of technical, environmental and financial terms 
are recommended, especially in respect of long term/per-
manent application to ascertain their sustainability com-
pared to central power plants.

Generally, investors and policy-makers in geothermal 
electricity projects should consider the use of wellhead 
plants as the predecessors of central power plants for 
early revenue and electricity generation. They should 
also consider whether a temporary application or a 
permanent application is preferable, where restric-
tions such as environmental regulations exist or there 
is too much variation in wellhead pressures as well as 
other important characteristics of the various wells in 
a steam field. However, for long-term investment deci-
sions, there is a need to carry out more detailed techni-
cal, financial/ economic and environmental feasibility 
studies. This implies that at the project initiation and 
design stages, both central and wellhead power plants 
should be given due consideration so as to address the 
feasibility and sustainability issues of geothermal elec-
tricity projects. On the technology side, there is need 
to design and develop wellhead power plant units with 
much higher capacity beyond what we have currently 
in the market since wells with pressure greater than 
15  MW have become a common occurrence in some 
steam fields.
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