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ABSTRACT
The research assessed the techno-economic viability of a Peaking Gas turbine Power Plant in Zimbabwe to partly address the
800MW energy deficit that the country is currently facing. The term “Peaking” describing the period of time at which the plant
will operate, that is, it will only operate during periods of high electrical demand, and thus the plant will have a plant load
factor of 20-33% as deduced in the Market Analysis. The deficit has resulted in erratic and unsustainable load shedding during
peak hours which is costing the country’s economy whereby the country is forced to import electricity, and companies are
experiencing production disruptions as well as investing into costly backup power units. After carrying out an assessment of
the several options to address the energy deficit the Gas turbine technology was chosen because of the nature of its design
which is capable of addressing the requirements of a varying peak load. From the technical analysis the selected configuration
is a Combined Cycle Gas Turbine (CCGT) Power Plant with a rated capacity of 120MW and a thermal efficiency of 57% which
is comparable to expected performance from such a design. The economic analysis showed that the project will have a payback
period of 7 years, and of importance is the project internal rate of return of 16.91% which is higher than the weighted average
cost of capital (WACC) or the effective interest rate of 10%. Overally the feasibility study showed that not only is the project
technically and economically sound, but shows sustainable development with its good environmental merits. The results from
this study are proof that CCGT technology can be used to address the energy deficit currently being experienced in Zimbabwe
and the Southern African Power Pool Region (SAPP).
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1. INTRODUCTION
1.1 Background
Energy is one of the pillars to economic and social development of a nation. The Industrial revolution is a testament to
this fact and three factors provided the framework for it to occur. These were Energy, Labor and Technology. Hence the
economy of a nation is dependent upon equitable access to sustainable, dependable and efficient energy sources.
Zimbabwe as a nation is facing challenges in meeting its power demand; this problem is not unique to Zimbabwe only
as the Region itself has been faced with power challenges since 2007 (SAPP, 2011). Currently Zimbabwe’s generating
capacity is about 1400MW, with a maximum demand as high as 2200MW which will continue to escalate as the
economy recovers (ZESA, 2013). The deficit is heavily experienced during peak periods, thus periods of high electrical
energy demand. This deficit has resulted in erratic and sustained load shedding during peak hours. The current energy
deficit as projected by ZESA to continue for the next 4-5years.
1.2 Justification
Reiterating the above said matter, it is all but clear that energy is of prime importance to Zimbabwe’s socio-economic
recovery and development. Load shedding has resulted in Agriculture, Industry and Mining suffering. Production levels
in all sectors have been hit hard by the current energy situation. The power shortages have resulted in companies
resorting to more expensive energy sources like the use of diesel generators to power their plants and production lines.
The so above said 800MW power shortage is heavily experienced during peak periods when the energy demand is
higher than the available generation capacity (ZESA, 2013). Therefore in order to address this market or demand there
is a need for a power station which can cater for the peak load.
The most obvious choice is a Gas turbine power plant, which traditionally has been used as a peaking plant all over the
world. Several attributes of the Gas turbine make it a suitable technology as a peaking plant. These include its ability to
achieve quick start-ups and shutdowns, the low initial investment capital required as compared to Coal fired power
stations (Badeer.G, 2013). Furthermore, the energy deficit requires a swift means to address it; therefore the short
construction period required for a Gas turbine power plant is also an additional advantage (Seebregts, 2010). In
addition, Zimbabwe has sizeable natural gas reserves, and our neighboring country Mozambique has been discovered to
have the third largest natural gas reserves in the world, making the required fuel for the plant readily available. It goes
without saying that Gas turbine’s ability to use multiple fuels is also another important factor, since it can also use
ethanol which is also available in the country (Badeer.G, 2013).
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1.3 Objectives
The Project covered the following objectives:
1. To carry out an energy market analysis covering Industry and Mining.
2. To carry out a Technical feasibility study for a peaking Gas turbine power plant to serve the identified market.
3. To carry out an Economic feasibility study for a peaking Gas turbine power plant.
4. To carry out an Environmental Impact assessment of the power plant.
1.4 Project Scope and General character.
The market drives the project. Therefore the project established the market first through a Market Research. The
research covered market structure, the current generation mix to meet that demand, Transmission and Interconnection
of Zimbabwe with other countries, Energy regulation with more emphasis on Independent Power Producers (IPP) and
the latest system power development plan.
After the market was identified a technical solution was developed to address it. This included Plant Design; plant
layout, equipment specification and ratings, auxiliary plant and equipment, balance of infrastructure and plant
integration. As well as recommending a control system for the plant. This included assessment of the fuel supply and
storage logistics.
For any project to be undertaken it has to be economically sound. Therefore the study will also seek to establish the
economic viability of the project. This involved Investment cost calculations thus covering the Engineering
Procurement and Construction (EPC) cost, thereby establishing the project payback period and project internal rate of
return (IRR).
Furthermore, a brief Environmental Impact Assessment was carried out so as to have a holistic outlook of constructing
the power plant.

2. GAS TURBINE TECHNOLOGY LITERATURE
2.1 Gas Turbine Principle of Operation
A gas turbine is a type of internal combustion engine that uses air as the working fluid. It is essentially comprised of an
upstream rotating compressor coupled to a downstream turbine, and a combustion chamber in-between (Çengel, 2011).
The gas turbine Operates on a Brayton Cycle:

Figure 1 - Brayton Cycle, (Çengel, 2011)
Gases passing through an actual gas turbine cycle undergo:
i. Adiabatic process - compression.
ii. Isobaric process - heat addition.
iii. Adiabatic process - expansion.
iv. Isobaric process - heat rejection to the atmosphere.
2.2 Classification of Gas turbines
Classification of Gas turbines can be done according to following criteria; path of working substance, nature of cycle,
process of heat absorption, mode of drive and function of rotational speed, pressure drop in the gas turbine and physical
location.
2.3 Types of Gas Turbines
There are two main types of Gas turbines; Aero-derivatives and Industrial Gas Turbines.
2.3.1 Aero-derivatives & Heavy Frame Industrial Gas Turbines Description and Comparison
The aero-derivatives gas turbines are derived from aero-engines. Their power generation capacity is typically in the
range of 10MW-50MW. On the other hand Heavy Frame Industrial gas turbines have a generation capacity which
ranges from 10MW to above 100MW.
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Heavy frame gas turbines compared to aero-derivative gas turbines are usually slower in speed, narrower in operating
speed range, heavier, larger, have higher air flow, slower start-up and need more time and have high maintenance
costs. Due to their nature of being derived from aircraft engines and space technology, Aero-derivatives have several
advantages which include that they are maintainable, flexible, light weight and compact. Furthermore, aero-derivative
gas turbines offer 5-15% more efficiency compared to heavy frame industrial type gas turbines, (Almasi, 2012).
2.4 Potential and Barriers of CCGT
CCGT technology is an option for both developing and developed nations due its several characteristics. It requires low
investment capital, has lower emissions, shorter construction time and its operation and maintenance costs are
competitive compared to conventional thermal power plants, (ETSAP, Energy Technology System Analysis
Programme, 2011).
2.5 Operation and Maintenance of CCGT power plants
The operation and maintenance (O&M) cost for both OCGT and CCGT plants is estimated at 4% of the investment
cost per year. Thus, CCGT O&M costs are estimated at $44/kW per year in 2010, declining accordingly to $36/kW per
year in 2030. The overall generation cost of CCGT plants ranges from $65 to $80/MWh (typically, $72/MWh), of
which $30 to $45/MWh is for the fuel (at a natural gas price of $5 – $6.5/GJ). (ETSAP, Energy Technology System
Analysis Programme, 2011).
2.6 Effect of Operating Conditions on Gas Turbine Performance
2.6.1 Ambient condition effects
Atmospheric or operating conditions have an effect on Gas turbine performance or output power:
i. Ambient temperature: As temperature increase the gas turbine will still take in the same volume of air, but the air
will weigh less. As a result less air means less fuel mass is required to be ignited with that air and consequently there
is less power developed. (Soares)
ii. Altitude: As altitude increases the air becomes thinner; thus less dense, in turn it decreases the power developed by
the turbine. (Soares)
Humidity: Water vapor is less dense than air, therefore more water vapor in a given volume of air means less weight of
that air than if it had less water vapor. The result is decrease in turbine power output. (Soares) 2.8.2 Gas Turbine
Performance Optimization
Several technologies have been developed aimed at increasing the output power of Gas turbines and these include:
i. Recuperators - using hot turbine exhaust to preheat the compressed air entering the combustor.
ii. Intercoolers - Intercooling involves division of the compressor into two sections and cooling the compressed air
exiting the first compressor before it enters the second compressor section.
iii. Compressor Inlet Air cooling/ Turbine Inlet Cooling (TIC) – cooling the inlet air to the compressor so as to
increase mass flow rate within the Gas turbine hence increasing power output.
2.7 Emissions
Amongst all the fossil-fueled power generation plants, gas turbines are one of the cleanest. The discussion to follow has
been extracted from http://www.ignou.ac.in/.
Oxides of nitrogen (NOx), carbon monoxide (CO), and volatile organic compounds (VOCs) are the major pollutants in
gas turbines. The other pollutants like oxides of sulfur (SOx) and particulate matter (PM) result from the fuel used.
Emissions of sulfur compounds, in particular SO2, depend on the sulfur content in the fuel. The use of de-sulfized
natural gas or distillate oil reduces levels of SOx emissions. SOx emissions are generally higher in heavy oil fired gas
turbines. Therefore it is the fuel option chosen which determines the level of SOx emissions instead of the gas turbine
technology. Particulate matter pollution is insignificant in gas turbines and only significant in liquid fuel fired gas
turbines.

3. MARKET ANALYSIS
The purpose of this section was to have an overview of the energy deficit in the country, its effect to Industry and
Mines, and how it can be addressed. It goes without mentioning that much of the information presented below has been
obtained from Zimbabwe Energy Regulatory Authority (ZERA) and Zimbabwe Electricity Supply Authority (ZESA).
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3.1 Introduction
Zimbabwe has a rated generating capacity of about 1400MW and a peak demand of 2200MW, thus the country has an
energy deficit of 800MW. The deficit is heavily experienced during peak periods and to cover for that energy deficit
load shedding is used. Due to the load shedding Zimbabwe’s Industry and Mines have been severely affected. The
situation has resulted in low production levels, coupled with high production costs due to the money companies are
investing into back-up power systems (diesel generators), as well as the cost of energy experienced when using those
back-up systems. Below is a graph to for the number of average duration of interruptions experienced per year:

Graph 1 - The average duration of supply Interruptions, (ZERA, Cost of Supply Study, 2013)
3.2 Market Structure
Zimbabwe’s Electrical Supply Market structure has changed in the previous years becoming more flexible and lucrative
to Independent Power Producers (IPP’s). The main supply in the country is Zimbabwe Power Company, with a
generation capacity of about 1400MW. There are other smaller Independent Power Producers mainly in the MiniHydro section and usually on a community based level.

Figure 2 - Market Structure, (ZERA, Cost of Supply Study, 2013)
Key:

ZPC – Zimbabwe Power Company.
IPPs – Independent Power Producers.
TOUS – Transmission Use of System.
PPA – Power Purchase Agreement.
NGSC – National Grid Services Company.
Dx - Distribution.
Zimbabwe has provided a market structure for IPP’s to partake in the energy sector through making turn around
strategies in the policy objectives. The key policies as outlined by ZERA in their Cost of Supply Study carried out in
March 2013 being:





A dynamic system development planning process.
Promotion of joint ventures and private sector participation (PSP) in the electricity sector.
Development of enabling legislative and regulatory framework to integrate IPP’s into the existing electricity system.
Commitment to regional power system integration through supporting initiatives on system integration, joint crossborder generation projects.
 Promoting fairness and competition in the sector.
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3.3 Load Distribution
The energy deficit in the country is greatly experienced during peak periods and mid merit periods. Below is the Load
Distribution curve for a 24 hour period, using annual averages.

Figure 3 - Load Distribution Curve, (ZERA, Cost of Supply Study, 2013)
From the graph it can noted that about 6-8 hours (24-33%) of the day are peak hours. The graph also shows that as a
country we should look at having the means to address the peaking load, mid merit load and base load.
Below is a table to show the associated or expected generation tariffs or cost of energy during the different load
situations and the associated projections till the year 2017.
Table 1: Expected generation tariffs during the different load situations
Year
Peak Tariff
Standard
Tariff
Off-peak
Tariff

2013
11.5
4.3

2014
11.8
4.8

2015
12.2
4.8

2016
13.1
5.0

2017
13.4
5.2

2.7

2.8

2.9

3.1

3.2

3.4 Effects of the Energy Deficit
The continued growth in the demand for energy in the country, while no new and major electricity supply projects have
been commissioned is causing major supply bottlenecks. Zimbabwe imports up to 35% of its requirements from the
Southern African Power Pool (SAPP). The latter has also been affected by power shortages such resulting in a decrease
in the number of countries exporting power thus fewer sources of imports. In addition, the power imports have a
negative impact on the country economy. Mining is a huge contributor to Zimbabwe’s GDP, at about 12.7% and is the
highest foreign currency earner in the country as reported by Central Statistics office (2008). Therefore poor quality
and unreliable power supply to mines affects the nation as a whole. The sector is reported to employ over 55000 people
and its poor performance has a cascaded effect on the workers as well as the people or families who depend on them.
Dependable electrical power supply is key to a successful economy. A study that was carried out in Pakistan showed
that the direct and indirect costs due to load shedding cost the economy 1.8% reduction in GDP and the volume exports
was also reduced by 4.2%. Similar studies were done in India and Colombia and they also showed that power outages
had a big and negative impact of countries economic performance.
On average a 56 day power outage a year costs 5-6% of revenues as reported by African mining enterprise. In turn
firms are forced to invest into back up power supplies, usually diesel generators which result in inflated energy cost of
about US$0.40/kWh compared to the regional energy cost of US$0.12/kWh. This in turn makes the companies less
competitive and low production levels. To add on, mines in the informal sector usually do not have the capacity to
invest into backup power systems and end up losing revenue which can be as high as 20%.
All this is resulting in a slow, expensive, poor quality and unsustainable growth of the socio-economic situation of
Zimbabwe.
3.5 Options to address the Energy Deficit
Although there are several ways electricity can be generated a peak load requires a special means or power plant to
address it, a peaking power plant. This comes from the Market analysis above where it is clear that much of the energy
deficit is experienced during the peak periods, which account for about 25% of the 24hrs in a day.
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It is worth mentioning at this point that in addressing this deficit one huge limiting factor or challenge has to be kept in
mind. Zimbabwe as a nation faces serious financial constraints, whereby the government does not have the capacity to
fund new power plant projects and has to rely on Private Investors. Now this comes at a price, whereby the capital is
borrowed money which comes at a certain interest rate. Unfortunately our credit rating is very poor and undesirable,
rated by the Economic Intelligence Unit at C grade. Thus to say the weighted average cost of capital (WACC) that the
country can access is very high (high interest rate). From the cost of supply study that ZERA carried out, the WACC for
Zimbabwean Power utility companies was set at 10%. Therefore as a nation we have to look at low capital intensive
projects. The same goes for the peaking power plant; it should be a low capital project. In addition, due to the poor
credit rating investors will not be willing to inject a lot of money into our country.
Now from a technical point of view the peaking plant must have the following advantages; ability to start-up quickly
and take up the load, high efficiency, low emissions as well as use the resources that are readily available. There is also
need address the energy deficit as soon as possible and thus the plant has to be built in the shortest possible period.
Table 2 - Options to address the Energy Deficit
Option

Thermal Power
Plant

Pros

Cons
Capital intensive
Long start-up period (2-3hrs)
Long Construction period (5-7 yrs.)
High emission rate
Low thermal efficiency (32%)

Cheap Fuel

Less Capital intensive.

Gas Turbine
Power Plant

Quick start-up (1030minutes).
Short Construction Period
(1.5-2yrs).
High Thermal efficiency
(50-58%).
Low emission rate

High fuel cost

4. Power Plant Site
In choosing a site for any power plant there are key factors that are considered.
4.1 Factors considered
The factors that were considered in choosing a site included; Availability of Land & Water, availability of existing
transmission infrastructure, relative distance of plant site to the load Centre, fuel supply logistics, the atmospheric
conditions at the site & the power plant emissions.
4.2 Site Selection
Taking into consideration the above requirements the site of choice is Middle Sabi Chipangayi in Manicaland,
Eastern low-veld part of Zimbabwe. This site is shown on the map in figure 8, labeled as CCGT.

CCG
T

Figure 4 - Plant Location Map
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5.1 Plant Layout Options
The power plant can either be configured as a simple cycle or combined cycle plant. The table below summarizes the
pros and cons of each configuration:
Table 3 - CCGT vs OCGT
Combined Cycle Mode
Simple Cycle Mode
Higher Thermal efficiency,
Lower efficiency,
(55%-60%)
(35-45%)
Comparable Capex,
Capex,
($700-1150/KW)
($500-750/KW)
Comparable O & M Cost,
O & M Cost
$36/KW/annum
$44/KW/annum
Lower
Total
Production
Production Cost,
Cost,$72.5/MWh
$210/MWh
5.1.1 Chosen Plant Layout
From the brief analysis that was carried above it is clear that the best Plant configuration is the combined cycle mode.
The schematic diagram in figure 9 is for the CCGT to be designed:
Combustor
Air Filter

Air Inlet

LNG

Generator

GT

TIC
Compressor

HRSG

Generator

Stack

Make-up

ST
Condenser

Water

Water treatment
Plant

Cooling tower

Figure 5 - Designed Plant Layout
5.2 Main Plant Equipment sizing
The section to follow sized the main Power plant equipment. The analysis will break down the sizing into two main
sections, thus Gas section and the Steam section.
5.2.1 Gas section
5.2.1.1 Gas Turbine selection
Aero-derivative vs. Heavy Frame
The actual gas turbine was sized in this section and reasons for the choice, as well as manufacturer’s specifications
were noted in this section. In order to narrow down the options the analysis will mainly focus on Aero-derivative gas
turbines. Aero-derivatives are a better option compared to Heavy Frame because of several Technical and Economic
reasons, these include are; maintainability, flexibility in operation, light weight and compact.
Chosen Gas Turbine
The least rated power requirement for the gas turbine is: 85MW
The limit is based on establishing a CCGT with a rated power output which is at least 100MW. This is based upon
theoretical knowledge that the steam section will generate about 20% of the rated capacity of the Gas turbine.
After going through the several options the best option was a setup of 2 GE LM6000PD Sprint. The choice had
several key Technical and economic attributes which included;
 Short starting period (10-20 minutes).
 High Thermal efficiency (42%) and low heat rates (low fuel consumption).
 Low emissions.
 Readily available on the market and available spare parts.
Table 4 shows the Technical Specifications from GE: GE LM6000PD Sprint (50 Hz)
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Table 4- Gas Turbine Specifications, (Badeer.G, 2013)
Parameter
Power Output (50 Hz)
Thermal efficiency
Heat rates
Pressure ratio
Turbine Speed
Exhaust Flow
Exhaust Temperature
Starting Period

Description
47,505 kW
38%
7,750 KJ/kWh
32.0:1
3,600 rpm
133 kg/s
446
10-20 minutes

5.2.1.3 Gas turbine Control System
A Control System is key to achieving high plant availability, reliability, safety and optimum performance. Therefore
this section will give specifications of the recommended control system for the Gas turbine. The recommended control
system is the SPEEDTRONIC™ MARK V GAS TURBINE CONTROL SYSTEM by General Electric (GE). The
system is also recommended by GE and is their latest Turbine control system.
5.2.2 Steam section
The steam section will be based on a Rankine Reheat Steam cycle. An analysis of the stages involved will be carried
out and thus establishing or sizing all the plant equipment required within the cycle. This will include sizing of the
Heat Recovery Steam Generator (HRSG) and thereby establish the steam- gas temperature profile. Sizing the steam
turbine using the steam generated, thus evaluating the power output from the steam section.
General Steam Cycle Overview
The steam section will be based on a Rankine Reheat cycle. This cycle was chosen so as to limit the amount of
wetness in the steam before it exits the steam turbine.
In sizing the equipment required for the steam section or cycle the following assumptions will be used: Steady
operating conditions exist, Kinetic and Potential energy changes are negligible, Pressure drops in the cycle are
negligible, and Temperature drops within the cycle are negligible.
5.2.2.1 Equipment Sizing – Steam section
Sizing will be according to the stages of the Rankine Reheat cycle above and the above stated assumptions.
Stage 2`- 3: Heat Recovery Steam Generator (HRSG) Sizing
The analysis to follow will establish the steam – gas temperature profile using HRSG operating parameters.
Table 5:HRSG Specifications
HRSG Manufacturer
HRSG Type
Inlet gas temperature
Inlet gas mass flow rate
Inlet feed-water temperature
HRSG operating pressure

Benson type HRSG- Finned
446
252 kg/s
45
30 bars

Superheated steam temperature
HRSG Pinch point
HRSG Approach Point
Heat effectiveness of the HRSG

425
22
12
98%

Steam – Gas Profile
The analysis is based on the operating parameters of the HRSG given in the table above and the assumptions that have
been stated earlier.
Analysis
Thus,
Using steam tables attached to the appendix.
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Therefore, Temperature of water entering the evaporator (tw2) provided that the HRSG approach point is 12
by:

The temperature of the exhaust gas leaving the evaporator (tg3) provided the HRSG pinch point is 22

is given

is given by:

Now considering the energy or heat transfer in the HRSG.
Energy absorbed by the Super-heater and Evaporator is given by (Q12):
Where,

h e – HRSG effectiveness which is 98% for the HRSG.
And assuming the specific heat capacity of the gas (Cpg) to be 1.005
Now,
Wg = 252 kg/s.
Using steam tables:
h s2 at 30 bars and 425 = 3 287.5 KJ/kg.
h w2 at 221.9
KJ/kg
Thus the steam mass flow rate in the HRSG is:

Analyzing the Heat transfer in the Super-heater:

Where,
and hv at 30 Bars = 2804 KJ/kg.
Therefore, the gas temperature before entering the economizer (tg2) is:

Analyzing the Economizer duty:
Where,
hw2 – is the enthalpy of water entering the economizer at 45.8 = 191.8 KJ/kg.
Therefore the temperature of the exhaust gas leaving the economizer going to the stack is:
Summary: Gas – Steam Temperature Profile
Table 6 - Gas Temperature Profile
HRSG SECTION
INLET GAS TEMPERATURE (TG1)
GAS TEMPERATURE ENTERING EVAPORATOR (TG2)

446
406.8

GAS TEMPERATURE LEAVING EVAPORATOR (TG3)

255.9

GAS TEMPERATURE EXITING THE ECONOMIZER (TG4)

194.9
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Table 7 - Steam Temperature Profile
HRSG Section
Inlet feed water temperature (tw1)

45.8

Water temperature leaving economizer (tw2)

221.9

Saturation temperature in Evaporator (ts)

233.9

Superheated temperature (ts2)

425

Steam mass flow rate (Wsd)

20.13 kg/s

5.2.2.2 Steam Cycle Power Generation capacity
This section will evaluate the power that the steam section can generate based on the possible steam generation
capabilities of the HRSG represented in the Rankine Reheat Cycle by stages 2’-3. From this evaluation the rated
capacity of the required Steam turbine will be determined, as well as the operating conditions of the Boiler feed pump
and Condenser.
The steam section will be working on a Rankine Reheat Cycle as shown below:
3

5

T

4

2’
2

1

6 6’

S

For the Analysis to follow:

.
Cycle Analysis
In order to simplify the analysis the pressure at which the reheat will have to be done has to be first established.
Thus, State Point 6:
That is to say the condenser will operate at a pressure below the sub-atmospheric pressure since it’s a condensing steam
turbine setup. Therefore the value chosen above is purely based on the technical requirement as well as the condensers
available on the market.
0.92
The highest steam wetness allowed for steam turbines that are readily available on the market is 12%. Therefore having
that view point the power plant will allow a steam wetness of only 8%, leaving an allowance of 4%. This is also key so
as to reduce the corrosion effect that wet steam causes to the turbine blades.
Thus, the entropy of the steam at state point 6 is:

And

State Point 5
Assuming the steam will be reheated to its original temperature of 425 .
Then
Thus using from the steam table, the reheat pressure is:
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Thus
State point 1:

Therefore
State Point 2:
And
State Point 3:
Therefore using the steam table:
And
State Point 4:
And
Therefore from steam tables,
And
Steam Cycle Power Analysis
Work done by Pump

Where,
From Manufacturers catalogue the boiler feed pump isentropic efficiency is 85%.

Thus

Turbine Power Output

Where,
From the Manufacturers catalogue the steam turbine isentropic efficiency is 87%.

Where,
Therefore the Steam turbine Power Output is:

Now the Total Heat Energy input is:

Therefore the Thermal efficiency of the Steam Cycle is:

The thermal efficiency obtained above from the steam cycle is within the expected range of Rankine cycle thermal
efficiency of 29-35%.
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Table 8 - Steam Section operating conditions
TOTAL HEAT ENERGY INPUT (QIN)
STEAM FLOW RATE

S

)

3445.6KJ/KG
20.13KG/S

PUMP WORK DONE (WPUMP)

3.59KJ/KG

STEAM TURBINE POWER OUTPUT (WNET)

1082.58KJ/KG
I.E. 21.8MW

THERMAL EFFICIENCY (ΗS)

31.42%

5.2.2.3 Steam Turbine Sizing
The steam turbine will have two sections, that is a low pressure section and a high pressure section. This is done to
accommodate the two different steam conditions that are a result of the Reheat configuration, whereby the steam enters
the High Pressure (HP) section first at 30 Bars and at superheated temperature of 425 and is reheated in the HRSG
and finally passes through the Low Pressure (LP) at 10 Bars as it gets exhausted into the condenser. The steam turbine
will have a rated electrical generation capacity of 25MW. In addition, it needs to have the ability to allow steam with
92% dryness fraction as stipulated in the analysis.
Presented with the requirements an analysis was carried out and the suitable Steam turbine which was selected
was a General Electric SNC/SANC Series. The table below outlines its specifications.
Table 9 - Steam Turbine Specifications, (GE General Electric)
Parameter

SNC/SANC

Required

Power rating
capacity

2 – 100 MW

25MW

Steam Pressure

Up to 140 Bars

30Bars

Maximum Back
Pressure

Up to 60 Bars

0.1 Bars

5.2.2.4 Steam turbine Control
In order to ensure high efficiency, high plant availability performance and high safety standards; the steam turbine
must be equipped with a control system. GE makes this a simple task by packing the turbine control system with the
actual steam turbine.
The control system of choice is the latest GE Mark V Control system for steam turbines.
5.3 Balance of Plant Equipment
For the Plant to function efficiently it requires other equipment or auxiliaries in addition to the gas turbine, HRSG and
steam turbine. These include; the turbine inlet cooling system, the condenser, the boiler feed pump, the water treatment
plant, the cooling tower, and the exhaust gas stack. Therefore this section analyses those other useful components of the
CCGT.
Condenser - The steam from the steam turbine exhausts into the condenser which is a pressure of 10KPa.
Boiler feed pump - The boiler feed pump must be able to raise the water to a pressure of 30Bars from 10KPa. In
addition, the pump must be able to pump the mass flow rate required in the HRSG of 20.13 kg/s.
Water treatment plant - The raw water from river needs to be treated, so as to avoid tube scaling and damage to
turbine blades and pump impellers.Thus the plant will have a Demineralization plant to remove the minerals which can
corrode plant components. In addition the plant will have water treatment ponds to allow for sedimentation to take
place.
Exhaust Gas Stack - Exhaust stack design is important in reducing emissions. The stack should have the ability to
cope up with the exhaust gas temperatures of 194.9 and ensure that they are exhausted into the atmosphere at a safe
and lower temperature.
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Turbine Inlet cooling system (TIC) - Gas turbine power output is heavily affected by atmospheric conditions.
Therefore in order to maintain the ISO power rating of the gas turbine a TIC system is used. The system reduces the
temperature of the inlet air to the compressor thereby increasing the mass flow rate with the gas turbine which overall
increases the gas turbine power output. The system will operate as a simple heat exchanger using the fuel LNG as the
coolant. At the same time the system vaporizes the LNG which will be fed into the combustor.
5.4 Overall Plant Rated Capacity and Thermal Efficiency
A combined cycle configuration was chosen so as to increase the plant thermal efficiency through the use of energy
from exhaust gas that would have otherwise been lost.
The overall thermal efficiency of a CCGT is:
Where,

Thus,

Another important way of expressing plant thermal efficiency is to express it as Generation Heat rate, thus the amount
of energy required from the fuel to make a kWh.
Thus, Plant Overall Generation Heat rate is:

6. PROJECT ENVIRONMENTAL IMPACT ASSESSMENT
Energy is an important factor to any nation’s development, but it must be ensured that it is not achieved at the expense
of the environment. Thus to say the CCGT power plant will have all the necessary pollution prevention and limiting
systems, so as to ensure that development is achieved in a sustainable, and environmentally friendly manner.
6.1 Plant Technology Emission Analysis
Table 10 - Comparison of Allowable and Emission Level from Plant
Nature

Expected Level
(mg/m3)

Allowable Level
by EMA
(mg/m3)

NOx

<30.4

<70

CO

<12.3

<40

PM

-

<60

SO2

-

<25

6.2 Assessment Evaluation of Impacts
The process of impact assessment has two major components namely impact analysis and impact evaluation. The two
factors were thoroughly considered in the assessment.
One thing that was clear from the assessment is that the positive impacts outweigh the negative impacts, in terms of
overall significance or impact. The analysis also reveals that key issues have to be addressed in implementing the
project, and it is those factors that will give a bearing to the outcome of the impacts discussed above.
For the Environmental impact to be fully managed the following strategies should be adopted:
i. Use of Environmental Management System (EMS).
ii. Use of Cleaner Production (CP).
iii. Use of International Standards.

Volume 2, Issue 7, July 2013

Page 193

International Journal of Application or Innovation in Engineering & Management (IJAIEM)
Web Site: www.ijaiem.org Email: editor@ijaiem.org, editorijaiem@gmail.com
Volume 2, Issue 7, July 2013
ISSN 2319 - 4847
7. PROJECT ECONOMIC ANALYSIS
The analysis first assesses the financing options and thereafter established the best or practical financing option for the
project, followed by an assessment of the project economic viability.
7.1 Financing options
i. First Option: Full financing from the government.
ii. Second Option: Foreign Investor financing.
The analysis only focused on the second option due to the fact that the government is not in a position to fully finance
high capex requiring projects.
7.2 Project Economic feasibility assessment
The assessment was done in a systematic way. This included defining or evaluating the financial requirements of the
project or capital investment required, which will be classified into different categories, namely Engineering,
Procurement and Construction costs (EPC). Furthermore, the operations and maintenance cost of the CCGT plant were
also taken into consideration. As a measure of its viability several factors were evaluated, namely; the project internal
rate of return (IRR), payback period and the overall project net present value (NPV) at the end of the expected Plant
life.
7.2.1 Project Capital requirement
In order to simply the analysis and as well as to use the standard economic evaluation that is normally done for any
power plant, the overall plant capex requirement was determined using the plant capacity first.
Hence, the capital requirement for a CCGT plant as defined in the literature review, ranges between 700-1150 $/kW
and typically is $900/kW from experience.
Thus for a 120 MW plant the Capex requirement is:

Thus the Project total capex requirement is: 108 Million.
The Capex Requirement will be spread over two construction years, assuming equal investment in both years.
7.2.2 Plant Operations and Maintenance Cost
The O&M cost were spilt into two main categories, which are annual Variable and Fixed O&M expenses. The Variable
expenses include; repair and replacement cost, water, chemicals & lubricants. The fixed costs include management
expenses, training expenses and salaries. The table below will list the annual variable and fixed expenses and the
respective cost.
Table 11 - Plant O&M costs
Expense

Notes

Annual Variable expenses
 Water
 Chemicals
 Equipment repair
and replacement
 Maintenance
 Contractor fee

Cost
($/kw)

Notes

11.56
Note that this is
for the period
when there is
minor
maintenance for
that year

Annual Fixed expenses

Cost
($/kW)
22.58

Note that this is
for a period
when there is
major
maintenance

20.40

20.40

31.96
1.60
33.56

42.98
2.15
45.13

 Salaries
 Management fees
Sub-total
Contingencies
Total O&M cost
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Table 12 - Plant operational data
Plant Load Factor (PLF)
33.33%
Plant Availability

85%

Energy Requirement
Energy Required
hour (from fuel)

per

735,902,998 KJ

Energy
year

per

2,010,956.88 GJ

Required

Fuel Cost

$7.50/GJ

7.2.3 Project Cost Benefit Analysis
7.2.3.1 Project Payback Period and Rate of return
The graph below is a plot of the project Net Present Value (NPV) against the project life of 25 years. The analysis was
carried out in Microsoft Excel; a soft copy of the model can be made available upon request.

Graph 2 - Project Cost benefit analysis
Table 2 - Summary of Project Economic performance
Project Life

25 years

Project Capex Requirement

108Million

Project Payback Period

7.7years

Project Internal rate of return

16.91% > WACC of 10%(ZERA)

Project NPV at 25years

148 Million (Over 100% profitability).

Total production Cost

$73.81/MWh

8. RECOMMENDATIONS AND CONCLUSION
In order for the full potential of the project to be realized a few but important factors have to be noted in its
implementation, and plant design and operation.
8.1 Technical Recommendations
A clear result that was obtained from the technical analysis is that the plant will have to operate in a combined cycle
(CCGT) mode. This will result in high thermal efficiency and electrical power output. Furthermore, another important
design feature of the plant is the use of a Benson type heat recovery steam generator in the steam section so as to reduce
plant start-up time; this design is also much cheaper as compared to the conventional steam drum type HRSG.
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Furthermore, it is also recommended that the plant will have a turbine inlet cooling system (TIC) which can use LNG
as the coolant, as this will ensure uncompromised plant electrical output during warm periods. It also recommended for
the plant to use the latest GE Mark V control system for the steam and gas turbine so as to ensure high plant thermal
efficiency, low emissions, and overall securing high plant availability performance. It is also recommended that the GE
LM6000PD Sprint Gas turbine be the gas turbine technology of choice due to its high thermal efficiency and low
emission rates and from the technical analysis it had the best specifications.
8.2 Environmental Recommendations
Although the above recommended technical factors ensure protection for the environment, it is also recommended that
several management technics must be adopted in the plant operation. These include implementation of a Cleaner
Production (CP) strategy at the plant and using established international standards and overall using an Environmental
Management System (EMS) so as to ensure that the environmental goals are achieved.
8.3 Economical Recommendations
In order to ensure that the project will attract financing the government might have to consider taxing the annual
profits made from the project only after the return on investment has been realized as this will increase the project
value to the investors.
8.4 Policy Recommendations
The plant will use fuel from Mozambique; therefore it is recommended that the government sticks to its energy policy
measures especially its commitment in ensuring a solid bilateral business relationship with Mozambique. This is also
pointed out in the energy policy where it’s stated that the country is committed to regional power system integration
through supporting initiatives on system integration, joint cross-border generation projects.
8.5 Overall Project Conclusion
Technical Performance
Plant Thermal Efficiency

Plant Results

Required/World Class Standards

57% (6300KJ/kWh)

55-60%

Plant Output

117MW

Plant rated capacity

120MW

Plant Load factor

25-33%

25-35%

85%

85%-95%

<30.4mg/m3

<70mg/m3 (S.I 72of 2009)

<10mg/m3

<40mg/m3 (S.I 72of 2009)

Plant Availability Factor
Environmental Performance
NOx
CO
Overall Environmental Grading
of Project

Meets EMA requirements

Economic Performance
Expected Plant Life

25 years

<30 years

($900/kW)108Million

$700-1150/kW

Plant O&M Cost

$33-45/kWh

$33-44/kWh

Fuel cost

$54.77/MWh

45/MWh

Project payback period

7.7 years

5-10 years

Project Internal rate of return

16.91%

10%

Investment requirement

Project NPV after 25years
Total Production Cost

148 Million
$73.81/MWh

$65-80/MWh

Therefore the feasibility study showed that there is a market for a peaking gas turbine power plant. Furthermore, there
is technology capable of meeting the required technical and environmental performance. In addition, it is economically
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viable to have such a plant. The plant will also ensure quality and reliable electrical supply to industry and mines
during peak periods, which will improve the country’s Gross Domestic Produce (GDP). Overall the power plant will
mark another step towards the socio-economic recovery of Zimbabwe.
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