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Abstract—This paper assesses the impacts of incorporating 

short-term generation dispatch into long-term generation 

portfolio planning frameworks. A case study of a power system 

with coal, combined cycle gas turbine (CCGT), open cycle gas 

turbine (OCGT) and wind generation options highlights that 

incorporating operational criteria into the long-term generation 

investment and planning analysis can have operating, economic 

and emissions implications for the different generation portfolios. 

The extent of the impacts depends on a number of factors 

including dispatch strategies, carbon price and the mix of 

technologies within the portfolio. As variable generation within 

power systems increases and carbon pricing begins to change the 

merit order, such short-term operational considerations will 

become more significant for generation investment and planning.  

Index Terms—Monte Carlo simulation, generation planning, 

portfolio analysis, generation dispatch, operational constraints 

I.  INTRODUCTION  

ECISION making in generation investment and planning 

requires a long-term perspective amidst considerable 

uncertainties in expected future demand, fuel prices, plant 

construction costs and wider energy and climate policies such 

as carbon pricing. Given the long planning horizon, generation 

investment and planning frameworks often ignore the actual 

details of short-term electricity industry operation [1]. For 

example, many generation planning models are based on the 

use of a Load Duration Curve (LDC), where the chronology is 

removed, to determine a future optimal generation technology 

portfolio. In reality, however, generating plants have 

significant inter-temporal operating constraints such as 

minimum operating levels, ramp rates, and startup/shutdown 

times. There are also operating expenses associated with inter-

temporal generation dispatch such as plant startup costs.   

Generation portfolio analysis frameworks
1
 have been 

increasingly employed for generation investment and planning 

to determine optimal generation portfolios with different cost-

risk profiles [2, 3]. Optimal generation portfolios fall along the 

so called ‘efficient frontier’, representing cost-risk tradeoffs 

among possible generation portfolios. However, similar to 

most long-term generation planning models, operational issues 

including unit constraints and inter-temporal generation 

dispatch are not generally considered [4].  
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Recent growth of variable renewable generation such as 

wind and solar has increased the complexity of electricity 

industry operation as well as posing operational challenges for 

conventional plants through increased cycling [5, 6]. There are 

also additional costs due to cycling operation including 

startup/shut down of generating units [7, 8]. Generation 

portfolios that appear attractive under standard long-term 

generation portfolio planning frameworks might have 

challenging operational requirements given expected demand 

patterns and the variability of high renewable penetrations. 

Furthermore, the additional costs associated with cycling 

operation could potentially alter the merit of different 

candidate generation portfolios. 

In previous work, we have presented a probabilistic 

generation portfolio modeling tool for assessing future 

generation portfolios under high level of uncertainties [9, 10]. 

Despite the capability of the tool in addressing uncertainties 

and risks associated with long-term generation planning, there 

are still inherent limitations in the method it applies with 

regard to issues associated with short-term electricity industry 

operation. The work presented in this paper aims to address 

these limitations by implementing a post-processing extension 

to the tool which incorporates generating unit constraints and 

inter-temporal generation dispatch.  

This paper intends to provide a high-level assessment of the 

potential impacts of short-term operational aspects on the 

technical viability, economics and emissions of generation 

portfolios that appear favorable from the initial investment and 

planning framework. The post-processing assessment includes 

indices of possible violations of operating constraints such as 

number of starts/stops, ramp rates, the economic and 

emissions implications of different dispatch strategies around 

minimum plant operating levels. 

II.  PROBABILISTIC GENERATION PORTFOLIO MODELING TOOL 

The generation investment and planning tool implemented 

in our previous work assesses the costs of possible future 

electricity generation portfolios given uncertain future fuel 

prices, carbon prices, plant capital costs, and electricity 

demand. The tool extends conventional LDC methods by 

incorporating potentially correlated uncertainties for key cost 

assumptions and future demand using Monte Carlo Simulation 

(MCS). The expected costs, cost uncertainties and CO2 

emissions of a range of potential new-build generation 

portfolios in a given future year are directly obtained from 

several thousand repeated scenarios with probabilistic input 

parameters. The cost spread for a generation portfolio can, for 
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some distributions, be represented by standard deviation (SD) 

and is referred to here as ‘cost uncertainty’, which carries a 

similar meaning to ‘risk’ in the economic and finance 

contexts. The tool applies financial portfolio analysis 

techniques to determine an efficient frontier containing 

optimal generation portfolios given tradeoffs between 

expected (average) cost and its associated cost uncertainty.  

Results from a previous case study of an electricity industry 

with coal, CCGT, OCGT, and wind generation options are 

used to demonstrate use of the tool [10]. Simulated half-hourly 

wind generation estimates are subtracted from electricity 

demand to obtain a residual demand and then rearranged to get 

a residual LDC (RLDC) [2]. This RLDC is then served by 

thermal technologies in the portfolios.  

The expected yearly generation cost and cost uncertainty of 

different thermal generation portfolios obtained from the 

previous case study are shown in Fig. 1. An ‘efficient frontier’ 

(EF)
2
 containing the ‘optimal’ generation portfolios (labeled A 

- E) is represented by a solid line. This result is also the basis 

of the case study presented later in Section V.  

 
Fig.  1.   Results from the tool showing the expected cost, associated cost 

uncertainty and CO2 emissions of generation portfolios [10].  

Despite its capability in addressing risk and uncertainty in 

generation planning, the operational aspect was not 

considered. Such limitation is addressed in this paper through 

a post-processing extension described in the next section. 

III.  POST-PROCESSING EXTENSION TO THE MONTE CARLO 

BASED DECISION SUPPORT TOOL 

In this extension approach, candidate generation portfolios 

are taken from the initial MCS analysis and then run each 

through a year of sequential half-hourly constrained economic 

dispatch to meet residual demand (demand net of renewable 

generation)
3
. A range of operating constraints for the different 

generation technologies is incorporated in this dispatch to 

assess their potential operating, economic and emissions 

implications for different generation portfolios. These 

operational constraints include minimum generation levels and 
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potentially other criteria associated with the startup/shutdown 

of generating units during dispatch intervals.  

Some key operating implications of constrained dispatch 

for different generation portfolios are assessed by counting the 

number of startups and ramp-rate violations of each generation 

technology within a portfolio over the year of simulated 

operation. The potential economic implications of additional 

startup costs and increased running costs are also assessed 

including their impact on overall industry costs and hence, 

potentially, the EF of optimal generation portfolios. Emissions 

implications are also assessed based on changes in the annual 

CO2 emissions of the different candidate portfolios. 

The post-processing analysis in this paper is not intended to 

solve detailed economic dispatch, unit commitment and 

production scheduling. Minimum startup/shutdown times and 

ramp rate constraints are not imposed. However, their 

implications can still be assessed, in part, based on how often 

these constraints are violated by the simulated dispatch.  

A.  Central Economic Dispatch Objective and Constraints 

The dispatch objective function is to minimize total 

operating costs in each dispatch period taking into account the 

chronology of generation dispatch subject to generator and 

demand balancing constraints as shown in (1) - (4).   
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where VCi is the variable operating cost of generating unit i 

($/MWh), Pi,t is the output of generating unit i at period t 

(MW), and i,t is on-off decision variable indicating whether 

unit i is online or offline in period t. 
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where Dt is the demand in period t (MW), min
iP  and max

iP are 

the minimum and maximum output of generating unit i. 

Analysis is undertaken for two dispatch models with 

different startup/shutdown criteria for generation: 1) Min 

Start/Stop - keeping all large thermal plant on-line if possible 

by sharing loading reductions; and 2) Max Low-Cost Gen - 

dispatching the lowest operating cost plants at highest possible 

outputs whilst shutting down the higher cost units where not 

required. Both dispatch models assume that every individual 

unit of the same technology has the same operating and cost 

characteristics. Therefore, generating units of the same 

technology are dispatched equally as well as sharing the 

startups/shutdowns. Dispatch criteria are shown in Table I. 

TABLE I  
THE TWO GENERATION DISPATCH MODELS CONSIDERED IN THE SIMULATION 

Min Start/Stop Dispatch Max Low-Cost Gen Dispatch 

Minimize the start/shutdown of 
generating units.  

Maximize outputs of lowest cost 
units in each dispatch period 

Dispatch low cost units at part-load to 

allow other units to remain online 
although they are less economical to run. 

Dispatch lowest cost technology 

close to its maximum capacity. 

Startups/shutdowns only occur when the 

online units cannot increase or reduce 

their outputs any further. 

Shutdown occurs if outputs of the 

lowest cost units would have to be 

reduced. 
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The main tradeoff between these two dispatch models is 

between startup costs and running costs. Min Start/Stop 

dispatch saves on startup costs by minimizing shutdowns but 

incurs higher running costs, while Max Low-Cost Gen incurs 

higher startup costs but saves on running costs since the 

lowest cost units are dispatched near their maximum capacity.
4
 

The two dispatch models provide a basis for comparing the 

extremes of these two general dispatch approaches. Actual 

dispatch and scheduling are, of course, far more complex in 

practice as there are numerous additional factors that need to 

be considered such as network constraints and plant 

maintenance schedules. 

B.  Operating Costs and CO2 Emissions Calculations 

Total annual operating costs of each generation portfolio 

consist of running costs and start-up costs as expressed in (5). 

   
TSCTRC($)TOC                  (5) 

where TRC and TSC are the total annual running cost ($) and 

total annual startup cost ($) of the generating portfolio.  

The total running costs of each generation portfolio is 

determined based on (6). 
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where VCi is the variable operating cost of generating unit i 

($/MWh), Pi,t is the output of generating unit i in the portfolio 

at period t (MW), I is the number of generating units in the 

portfolio and T is the number of dispatch period in a year. 

The variable costs consist of variable O&M, fuel, and any 

carbon costs. Total annual startup costs of each generation 

portfolio consist of the startup fuel cost and startup carbon 

cost of generating units in the portfolio, as expressed in (7). 
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are the start-up fuel cost, 

startup carbon cost and other associated costs during startup of 

generating unit i in the portfolio at period t respectively. These 

other potential costs include increased O&M, increased forced 

outages, unit life shortening, increased unit heat rate, and 

startup manpower [11].  

CO2 emissions of each portfolio is determined from (8). 
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2 i

CO
 

are the emissions (tCO2) 

during the operation and startup of unit i in period t 

respectively. 

IV.  DESCRIPTION OF THE CASE STUDY 

The case study for this work considers coal, CCGT, OCGT 

and wind generation options based on [10] and as shown in 

Section II. The data for this study are based primarily on 

actual demand and wind generation from South Eastern 

Australia, and a number of Australian specific consultancies 

                                                           
4 For both dispatch models, peaking OCGTs are only dispatched when 

coal and CCGT are already running at their capacity (assuming OCGT has the 

highest running costs, which is valid for the assumed fuel and carbon prices). 

studies on plant capital and fuel costs. A case study with 5% 

wind penetration and an expected carbon price of $30/tCO2 

was chosen to demonstrate the post-processing extension. The 

shares of coal, CCGT and OCGT are varied from 0% to 100% 

in 10% intervals resulting in 66 possible thermal generation 

portfolios. The EF for this case study is, as noted above, 

shown in Fig. 1  

A.  Demand profile and the installed generation capacity 

The actual 30-minute combined demand and wind 

generation for the states of South Australia (SA), Victoria 

(VIC), and Tasmania (TAS) in Australia was used for the 

simulation, and are shown in Fig. 2. The residual demand was 

obtained by subtracting wind generation from total demand.  

 
Fig.  2.   30-minute demand and wind generation in South Eastern Australia. 

B.  Operating Characteristics of Generating Units 

Operating and cost characteristics of each  technology are 

shown in Table II [12, 13]. The amount of fuel used during a 

startup are estimated based on hot start conditions (offline 0-6 

hours) [14]. Other potential costs associated with starting up 

generating units including increased O&M, forced outages, 

unit heat rate, and manpower [11]. These costs are estimated 

to be between 2-5 times the startup fuel costs [14, 15]. 

TABLE II  
OPERATING CHARACTERISTICS OF EACH TECHNOLOGY 

Characteristics Coal CCGT OCGT 

Unit size (MW) 600 500 150 

Minimum generation (MW) 300 200 0 

Ramp rate (MW/hour) 480 720 600 

Fuel used during startup (GJ) 2,500 1,500 200 

Startup fuel cost ($/start) 50,000 7,850 1,040 

Other startup costs ($/start) 250,000 23,550 2,080 

CO2 emissions during startup (tCO2) 187.5 90 12 

. Prices and emission intensities for each fuel type are 

estimated based on [12, 16, 17] and are shown in Table III. 

TABLE III  

PRICE AND EMISSION INTENSITY OF EACH FUEL TYPE 

 Coal Natural gas Oil 

Price ($/GJ) 0.6 5.2 20 

Emission intensity (tCO2/GJ) 0.09 0.06 0.075 

V.  SIMULATION RESULTS AND ANALYSIS 

Generator unit outputs at 30-minute intervals for each 

generation portfolio considered are simulated for both dispatch 

models over the year. The operating, economic and emissions 

implications of incorporating operational aspects into the 

dispatch are assessed for the candidate generation portfolios, 

which are those on or near the Efficient Frontier (EF). 
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A.  Implications of incorporating operational constraints 

Fig. 3 illustrates an example of 30-minute constrained 

dispatch of a generation portfolio (40% coal, 20% CCGT, 

40% OCGT) during a typical month. For the moderate carbon 

price of $30/tCO2 assumed, coal plants still have the lowest 

operating costs, and therefore are dispatched as base-load 

generation while CCGTs are considered to be the intermediate 

load following plants. OCGTs are only dispatched during the 

high demand periods. Generally, outputs of the base-load units 

in Min Start/Stop dispatch are varied more frequently than 

Max Low-Cost Gen dispatch, in order to enable as many units 

as possible to remain online. These different generation 

patterns influence the cycling of generating units, operating 

costs, and emissions of the generation portfolios. 

 
Fig.  3.   Generation patterns of each technology for a typical month of a 

generation portfolio for both dispatch models. 

    1)  Operational Impacts 

The average numbers of unit startups for the candidate 

portfolios for both dispatch models are shown in Table IV.  

TABLE IV  

AVERAGE NO. OF STARTUPS/UNIT/YEAR FOR BOTH DISPATCH MODELS 

Portfolio 
Min Start/Stop Max Low-Cost Gen 

Coal CCGT OCGT Coal CCGT OCGT 

A) 40% coal, 20% CC, 40% OC 0 0 57 0 227 57 

B) 40% coal, 30% CC, 30% OC 0 0 14 0 204 14 

C) 30% coal, 40% CC, 30% OC 0 0 14 0 45 14 

D) 30% coal, 50% CC, 20% OC 0 0 4 0 42 4 

E) 30% coal, 60% CC, 10% OC 0 1 2 0 36 2 

F) 50% coal, 20% CC, 30% OC 0 0 14 0 270 14 

Since CCGT units are the higher operating cost large 

thermal plant under assumed fuel and carbon prices, they incur 

more frequent startup/shutdown than the base-load coal units, 

particularly for Max Low-Cost Gen dispatch. Among the 

candidate portfolios, coal plants do not incur any 

startup/shutdowns in either dispatch models since all the coal 

units can maintain operation above their minimum operating 

level, even during low-demand periods. OCGT units are not 

often required to startup since they are rarely dispatched.  

For Min Start/Stop dispatch, CCGT units in each portfolio 

are rarely shutdown (and hence startup) since all coal and 

CCGT units can operate above their minimum levels for all 

periods. However, for portfolios with high shares of coal, the 

base-load coal units may have to ramp up/down more often. 

For Max Low-Cost Gen dispatch, CCGT units incur far 

more frequent startups since this dispatch model attempts to 

operate the base-load coal units near their maximum capacity 

by shutting down CCGT units where possible. Portfolio F 

(50% coal, 20% CCGT, 30% OCGT) has the highest number 

of average startups per unit for CCGT - around 270 starts/year. 

This number is largely in the typical range of designed starts 

for recently installed CCGT units of around 250 starts per 

year. This design criterion is widely expected to increase to 

over 350 starts in the future given technology advances [18].  

All generation portfolios were able to meet the maximum 

30-minute ramps since there are sufficient fast response gas 

plants. There appear to be no major concerns in the 

operational viability of any generation portfolios for either 

dispatch model. The results also highlight that, other than the 

dispatch model, the frequency of unit startups depends on the 

mix of technologies in the portfolios. 

    2)  Economic Impacts 

Fig. 4 compares the expected costs and cost uncertainty 

(SD of costs) of the candidate portfolios for the cases with and 

without operating constraints, for both dispatch models.
5
 The 

original EF without the operating constraints is compared with 

the modified EFs for each dispatch model. 

 
Fig.  4.   Efficient frontiers (EFs) of optimal generation portfolios after 
incorporating the operating constraints. 

Generally, incorporating short-term operational constraints 

increases the overall industry generation costs of portfolios for 

both dispatch models due to increased running costs and 

additional startup costs. However, the extent of these cycling 

cost impacts varies according to the mix of technologies in 

generation portfolios, which subsequently affects the relative 

cost-risk profiles of generation portfolios, and hence the EF. 

As shown in Fig. 4, portfolio B (40% Coal, 30% CCGT, 30% 

OCGT) is replaced by portfolio H (30% Coal, 30% CCGT, 

40% OCGT) on the EF when operating constraints are 

incorporated for both dispatch strategies. 

For this case study, the additional costs due to the operating 

constraints are generally small, representing less than 1% of 

total generation costs. Whilst the economic impacts of 

considering operating constraints are relatively limited for this 
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not consider uncertainties associated with short-term operation. 
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case study, they do have an impact on which portfolios lie on 

the EF. Neglecting these constraints in the long-term portfolio 

investment and planning framework, therefore, may impact 

selection of the most appropriate portfolio in some cases. 

Furthermore, these costs will become more significant if 

demand variability and renewable penetrations increase. 

    3)  Emission Impacts 

Incorporating operational constraints resulted in emissions 

reductions for Min Start/Stop dispatch, particularly for 

portfolios with large shares of coal (i.e. 50%). This is because 

high emitting coal plants are dispatched at lower load factors 

under this dispatch in order to permit low-emission CCGT 

units to remain on-line. For Max Low-Cost Gen dispatch, it 

appears that the CO2 emissions of the portfolios are about the 

same with the unconstrained dispatch case given that the low-

operating cost coal plants are dispatched near their maximum 

capacity, which is also the case in the unconstrained dispatch. 

The results suggest, therefore, that Min Start/Stop dispatch 

represents a more appropriate option for reducing overall 

emissions in this particular case study.  

B.  Impacts of different carbon prices and wind penetrations 

In this case study, the merit order of generation technology 

did not change until the carbon price reaches $60/tCO2 at 

which point CCGT replaces coal units as the lowest cost 

generation. As a result coal units incur frequent output 

changes including starts/stops. Coal units have high startup 

costs and are relatively inflexible due to their typically low 

ramp rates and high minimum operating levels. At a high 

carbon price, therefore, the operational and economic 

implications associated with the inclusion of the short-term 

operating constraints may be quite significant.  

In such a scenario, Min Start/Stop dispatch still does not 

present major operational implications since coal units are 

kept online most of the time by reducing the output of base-

load CCGT units. For Max Low-Cost Gen dispatch, however, 

the average startups for coal units are between 80-250 

starts/unit/year. This is significantly higher than the typical 

‘design’ number of starts of 20 per year without the need to 

replace major parts due to fatigue effects [19]. The inclusion 

of operational constraints also results in frequent ramp-rate 

violations of the coal units. Such operating patterns under Max 

Low-Cost Gen dispatch can lead to major economic impacts. 

Higher wind penetrations can also be expected to have 

significant operating, economic and emissions impacts on 

generation portfolios. Beyond its high capital but low 

operating costs, the increased variability of wind generation at 

high penetrations poses additional challenges for conventional 

generators due to increased cycling operation.  

VI.  CONCLUSIONS 

This paper applies a post-processing extension to assess the 

operational, economic and emission impacts of incorporating 

short-term operational constraints into the results of a long-

term generation portfolio investment and planning tool. 

The case study results provide some insights into how 

different future generation portfolios might be impacted by 

different possible dispatch strategies. The results for this 

particular case study may seem to suggest that these 

operational constraints have moderate impacts on the most 

appropriate generation portfolios, and the overall industry 

costs obtained from the initial generation investment planning 

analysis. However, in future low-carbon electricity industries 

with high levels of variable renewable generation and high 

carbon prices, these impacts are likely to be more significant 

due to increased cycling of thermal generating units.  

There are some limitations in the post-processing extension 

to the tool. The constrained dispatch did not consider 

shutdown and minimum synchronization time of generating 

units. Dispatch was only undertaken at 30-minute intervals. 

Network and security constraints were not considered. These 

limitations and the implications of higher wind penetrations 

and carbon prices will be further explored in future work.  
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