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There are many factors to consider when designing a small scale heat recovery 
steam generator (HRSG). This paper will discuss moving from single-cycle to 
combined-cycle cogeneration with a focus on projects that are under 20 MWe. 
It will discuss design, typical arrangements, definitions and the relationship 
between gas turbines, HRSGs and steam turbine generator sets. No standard 
path exists as there are many variables that must be defined by the customer 
and manufacturer. 

COGENERATION DEFINED
Cogeneration, also known as Combined Heat and Power (CHP), is a system of 

commercially available technologies that decrease total fuel consumption and 

related emissions by generating both electricity and useful heat from the same fuel 

input. It also is a form of local or distributed generation (DG) as heat and power 

production take place at or near the point of consumption.

The HRSG as part of a CHP system, shown in Figure 1, can be found in various 

types of facilities and is generally used in operations with sustained heating 

requirements such as educational institutions, hospitals, manufacturing facilities, 

prisons and military installations. Cogeneration also is becoming increasingly popular 

in data centers, where cooling is a major concern. Steam can be used in absorption 

chillers or steam-driven chillers to create chilled water. Greenhouses also can 

demand a substantial amount of electricity and heat, depending on their location.

The power generation market is growing by leaps and bounds, especially in the 

combined heat and power sector.  According to the U.S. Department of Energy’s 

March 2016 report “CHP-Technical Potential in the United States,” there were only 

2,400 CHP units installed in the country in 2000 with a capacity of 49 GW. At the 

end of 2017, the United States had more than 5,500 units with a capacity of 81 

GW. During the course of 17 years, the country more than doubled the number of 

installed units and nearly doubled its capacity.  

FIGURE 1 HRSG as part of a CHP system
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Benefits of Cogeneration
Following are some advantages of utilizing a CHP system:

• For the same output energy, cogeneration uses far less fuel than does traditional 
separate heat and power production.

• CHP reduces air pollutants including greenhouse gas (GHG), SO2, NOx and Hg, 
because it creates electricity onsite and usually with a cleaner fuel and more 
efficient technology than a traditional power plant.

• Cogeneration provides power for critical services in emergencies and avoids 
economic losses during grid interruptions.

• By creating electricity onsite, investments in new electricity transmission and 
distribution infrastructure can be deferred while relieving the constraints on the 
existing infrastructure.

• Generous financial incentives are available for cogeneration users to offset costs. 
Additional information will be provided later in this paper. 

Emerging Market Drivers for CHP Growth
According to the U.S. Department of Energy Report from March 2016, the following 
emerging market drivers are contributing to current combined heat and power 
growth: 

• Compared to conventional power generation techniques, CHP systems can save 
money through increased energy efficiency, especially while natural gas prices 
remain low.

• Higher operating efficiencies enable CHP systems to consume up to 40 percent 
less fuel while generating the same amount of power and useful thermal energy 
as separate heat and power systems. 

• Environmental regulations, such as the Clean Power Plan, Industrial Boiler MACT 
Rule and others, have created opportunities for combined heat and power to help 
meet compliance goals.

• Resiliency is currently a hot topic. In the event of a man-made or natural disaster 
that causes a grid outage, CHP systems can be configured to be more resilient 
and reliable than traditional backup generators.

• Policy support is also expanding. A number of federal and state policies and 
financial incentives have encouraged the market for combined heat and power. 
Legislators are getting pressure from their constituents to put measures in place 
that make onsite power easier to connect to the grid. 

• Due to increasing customer awareness of distributed generation, utility interest in 
combined heat and power has increased. Many utilities are engaging proactively 
with new stakeholders and finding ways to incorporate CHP into energy efficiency 

programs and plans for new generation. 
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CHP System Design
CHP systems can be designed in a variety of ways, but this paper will focus on some 

of the more typical configurations. In a topping cycle, shown in Figure 2, fuel is first 

used to generate electricity at the facility, and a portion of the waste heat from power 

generation is then used to provide useful thermal energy. This is commonly found in 

utilities and sometimes called an electric-first design. 

In a bottoming cycle, shown in Figure 3, fuel is first used to produce useful heat 

for a manufacturing process or for heating, and some portion of the exhaust heat 

is then used to generate electricity. This type of cycle is often found in process 

industries or heating applications and is sometimes called a heat-first design.
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Many projects are designed around a gas turbine with heat recovery or a simple 

cycle as seen in Figure 4. Fuel is sent to the gas turbine, where it is combusted and 

converted to mechanical energy. That energy drives a generator, which then converts 

it to electrical energy that is used at the facility or in some cases put on the electrical 

grid. The byproduct of that combustion is the heat that is recovered and converted 

to steam or hot water and sent to a process or facility.

This paper will concentrate on combined cycle – specifically focusing on the gas 

turbine, HRSG and steam turbine generator set. In the combined cycle process 

shown in Figure 5, the gas turbine is generating electricity and sends its exhaust 

heat to the HRSG similar to the simple cycle. However, the steam that is created in 

the HRSG is then sent to a steam turbine generator set, where additional electricity 

is generated. This steam gets condensed, and the condensate heads back to the 

HRSG to start the cycle over again. This is the most efficient generation process, 

because most of the energy in the fuel (in this case natural gas) is being utilized 

and being converted into electricity. There also are options to send the steam to a 

process or heating application instead of condensing it, which will be covered later.

FIGURE 4 Simple cycle with heat recovery
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By generating power from multiple streams of work, 

in this case the gas turbine and the steam turbine, the 

overall efficiency of the system can be increased by 

nearly 50 percent. That is, from an overall efficiency 

of approximately 34 percent (for a simple cycle with 

no heat recovery) to as much as 84 percent (for a 

combined cycle).  

According to the EPA, there are two measures that are 

commonly used to quantify the efficiency of a CHP 

system: Total system efficiency and effective electric 

efficiency. 

• Total system efficiency is the measure used to 

compare the efficiency of a CHP system to that of 

conventional supplies (the combination of grid-

supplied electricity and useful thermal energy 

produced in a conventional on-site boiler).

• Effective electric efficiency is the measure used to 

compare CHP-generated electricity to electricity 

generated by power plants, which is how most 

electricity is produced in the United States.

The total system efficiency (ηo) of a CHP system is 

the sum of the net useful electric output (WE) and net 

useful thermal output (∑QTH) divided by the total fuel 

energy input (QFUEL), as shown in Figure 6:

The calculation of total system efficiency evaluates 

the combined CHP outputs (i.e., electricity and useful 

thermal output) based on the fuel consumed. CHP 

systems typically achieve total system efficiencies of 

60 to 80 percent.

Effective electric efficiency (εEE) can be calculated 

using the equation in Figure 7, where WE is the net 

useful electric output, ∑QTH is the sum of the net 

useful thermal output, QFUEL is the total fuel energy 

input, and α equals the efficiency of the conventional 
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technology that would be used to produce the useful thermal energy output if the 

CHP system did not exist:

The calculation of effective electric efficiency is the CHP net electric output divided 

by the additional fuel the CHP system consumes in excess of what would have been 

used by a boiler to produce the thermal output of the CHP system.

Typical effective electric efficiencies for combustion turbine-based CHP systems 

range from 50 to 70 percent. Typical effective electric efficiencies for reciprocating 

engine-based CHP systems range from 70 to 85 percent.

Note: The aforementioned information is available at: 

https://www.epa.gov/chp/methods-calculating-chp-efficiency

It must be said that the design process for a combined cycle system is an iterative 

process. The design of one component affects the design of the other components.  

You might benefit from working backwards, starting with the steam turbine 

generator set. Many people start with the gas turbine sizing and consider the steam 

turbine generator set as an afterthought, but the design of the steam turbine can 

affect greatly the design of the HRSG. If you plan to send the steam to a facility for 

heating or process needs, it is key to understand what those process needs are 

before you start down the road of designing the steam turbine. What is the pressure 

and temperature needed?  Are there seasonal load swings? Are there process load 

swings? Will this be a large multistage unit requiring superheat? If you are designing 

for condensing, how low into a vacuum can you go? What type of condenser will 

you use? Is there cooling water available? What is the temperature of the cooling 

water? The answers to those questions will affect the design of the steam turbine, 

which will determine the design of the output characteristics of the HRSG.

If you consider the cycle mentioned above, and the customer decides that they 

want to make as much electricity as possible, you might decide to increase the size 

of the gas turbine. In addition to making more electricity, it also will be producing 

more exhaust heat. If there is more heat coming from the gas turbine, the HRSG 

design is now affected because it has more heat to convert to steam. If the HRSG 

is making more steam and sending it to the steam turbine generator set, then it will 

make more electricity with the steam turbine generator set.  

Conversely, if you decide to increase the size of the steam turbine generator set 

because your customer needs more steam for their process, you will need to design 

the HRSG to produce more steam. That can be accomplished by adding more heat 

εEE =
                   We

      QFUEL -  Σ(QTH /α)

FIGURE 7 Effective electric efficiency formula
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into the HRSG via a duct burner, but it could be a 

significant change that would require the gas turbine 

size to be increased for increased exhaust output for 

the HRSG.

Gas Turbines
Figure 8 provides generic information about some 

common gas turbine designs. The left-hand column 

lists the electrical output in MWe, the center column 

shows how much heat in lb/hr that particular gas 

turbine will put out at that electrical output, and the 

right-hand column indicates the temperature of that 

exhaust heat. This paper will focus on output of 

21 MWe and below, but you can see the significant 

difference in heat output from the various MWe 

outputs of the gas turbines.

Steam Turbines
It is important to understand the various steam 

turbine types and design options that are available. 

Single-stage steam turbines are smaller and typically 

generate less than 3 MWe. They are used for 

backpressure applications when sending steam to 

a process or for heating. These turbines are limited 

in steam flow and most cannot have a backpressure 

greater than 300 psig. They typically do NOT require 

superheat unless the superheat is required for the 

process, though it will need to be provided with dry 

steam. Single-stage steam turbines generally are 

not used for condensing applications. The average 

isentropic efficiency for a single-stage turbine is 45-

55 percent.

Multistage steam turbines are larger and have many 

more options from which to choose. They can be 

designed for backpressure or condensing. It is also 

possible to combine the two and have extraction/

condensing, which would allow a portion of the 

steam for the process and the rest for condensing. 

Or, they can have extraction/backpressure, and the 

turbine can be designed 

to deliver two different 

pressures. Multistage 

turbines typically require 

superheat. If saturated 

steam is sent through a 

multistage turbine, it will 

become condensate by 

the time it reaches the 

last stage of the turbine. 

The amount of superheat 

depends on how much is 

needed for the process, 

how much steam is going 

through that turbine, 

as well as the pressure 

drop across the turbine. 

On average, isentropic 

efficiency of multistage turbines is between 60 and 85 

percent. 

Backpressure steam turbines are designed with a 

process or heating need and are basically acting as a 

pressure-reducing valve. If the HRSG is designed for 

600 psig and 150 psig is needed for the process, the 

backpressure steam turbine is going to let that down 

for you. 

Extraction turbines extract a portion of the steam 

going through the turbine at a certain pressure. These 

turbines can be arranged in different ways, depending 

on the application. They usually require superheat. 

 Gas Turbine Output Exhaust Flow Temperature

 (MWe) (lb/hr) (Degrees F)

 4.6 148,420 947

 5.6 169,360 949

 7.9 209,140 944

 10.4 270,000 946

 11.35 330,865 901

 14.3 350,000 1030

 16.45 387,385 935

 21 548,964 851

FIGURE 8 Gas turbine output, exhaust flow and temperature
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Condensing steam turbines are designed to remove as much enthalpy from the 

steam and convert it to mechanical energy. They are the most efficient, because 

they are converting most of the heat. These turbines typically exhaust into a 

condenser that is operating at a negative pressure or vacuum and will require a 

cooling tower. Condensing steam turbines also commonly need superheat. 

HRSGs
The main goal of the HRSG in a combined-cycle design is to capture the exhaust 

of the gas turbine and convert it to steam for the steam turbine generator set. 

Though this sounds fairly straightforward, there are many different elements that 

can affect the design of the HRSG.  

Depicted in Figure 9 are three different HRSG designs, each one for a specific set 

of conditions and size ranges. They range from a slanted drum and stainless steel 

floating inner liner to a water-cooled membrane wall construction with an integral 

furnace design. 

In addition to designing the actual heat recovery portion of the HRSG, there also 

are many auxiliary components:

• Duct burners to provide supplemental heat to the exhaust stream, enabling 

additional steam creation

• Bypass stacks with diverters

• Fresh air fans 

• Augmenting air fans

• Selective catalytic reactors for emissions control 

• Ammonia injection grids

• Economizers to increase overall efficiency of the system

• Stacks

FIGURE 9 HRSG designs (l to r) slant, vertical drum cross flow (VC) and O-type Max-Fire® series
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Example One

Following are hypothetical situations to provide 

insight into what happens when design characteristics 

are changed on any of the three main components 

discussed:  gas turbines, steam turbines and HRSGs.

In the first example, the HRSG system was designed 

initially to capture the exhaust from an 8.2 MWe gas 

turbine. The customer requires 165,000 lb/hr of 150 

psig steam with 50 degrees of superheat for their 

process, so that is how the system was designed. Since 

they are producing steam at a relatively lower pressure, 

a steam turbine generator set could be added.

Utilizing the U.S. Department of Energy Steam 

System Modeler Tool (SSMT), which is pictured 

in Figure 10, it is possible to estimate how much 

electricity can be generated in a steam turbine 

when you add in specific conditions. Of course, you 

will want to contact a steam turbine generator set 

manufacturer for particulars, but this is a great tool for 

high-level estimation.

As shown in Figure 11, if you increase the design 

pressure and temperature in the HRSG from 150 psig 

to 650 psig and 700 degrees F, that higher pressure 

will be delivered to the steam turbine along with the 

required steam flow of 165,000 lb/hr. Then you can 

exhaust out of the steam turbine at 150 psig, which is 

what the customer needs for their process with some 

superheat. The isentropic efficiency is estimated at 

70 percent, because this will be a multistage turbine 

with the potential to add an additional 4.6 MWe 

to the project just by increasing the pressure and 

temperature in the HRSG design. If the customer was 

paying an average of 15 cents/kWh for electricity and 

ran their plant for most of the year at a steady load, 

that is an annual savings potential of $6 million, as 

well as additional greenhouse gas reduction.

If that design change were made, how would it affect 

the HRSG and the gas turbine? It would not affect 

the gas turbine at all, because you are still generating 

8.2 MWe and the heat output remains the same to 

the HRSG. However, the HRSG design is going from 

150 psig with 50 degrees F of superheat to 650 psig 

Inlet Steam     
Pressure            650.0 psig

Temperature      700.0 °F

Phase                 Gas

Mass Flow         165.0 klb/hr

Sp. Enthalpy     1,347.0 btu/lbm

Sp. Entropy       1.574 btu/lbm/R

Energy Flow      222.3 MMBtu/hr

Isentropic Efficiency   70.0 %

Energy Out                16.3 MMBtu/hr

Generator Efficiency   96.0 %

Power Out                  4,597.0 kW

Outlet Steam     
Pressure             150.0 psig 

Temperature      454.1°F

Phase                 Gas

Mass Flow         165.0 klb/hr

Sp. Enthalpy      1,248.0 btu/lbm

Sp. Entropy       1.622 btu/lbm/R

Energy Flow      205.9 MMBtu/hr

Solve for:
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FIGURE 10 U.S. DOE Energy Steam System Modeler Tool
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and 700 degrees F of superheat. It will definitely change the HRSG design, and the 

electrical output will increase by 50 percent for a total of 12.8 MWe.

What happens if the customer says they cannot generate more than 10 MWe 

because the municipal utility is pushing back and is threatening to increase the 

customer’s standby charges? 

Your initial thought might be to just reduce the size of the gas turbine. It would 

probably save money to buy a smaller frame anyway. Seems good on paper, right? 

You can reduce the size of the gas turbine electrical output and frame and save 

money. Then, you have a little bit more than 10 MWe with the new 5.6 MWe gas 

turbine and the 4.6 MWe steam turbine. But, you must consider how it would affect 

the design of the HRSG if you reduce the size of the gas turbine.

If you reduce the gas turbine frame size from 8.2 MWe to 5.6 MWe, you also are 

reducing the amount of heat that is generated by the gas turbine. The system just 

went from a gas turbine exhaust rating of 215,000 lb/hr of heat to 169,300 lb/hr 

of heat. However, you still have the process need of 165,000 lb/hr of 150 psig, 

superheated steam. That is the one thing that remains constant. 

After contacting the HRSG manufacturer and telling them that the gas turbine was 

changed to a smaller model, the manufacturer states that you just reduced the 
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FIGURE 11 Example 1A CHP system design
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heat input by 45,000 lb/hr and, even with maximum duct firing, it can only produce 

93,000 lb/hr of 650 psig, 700 degree F steam as depicted in Figure 12. Now, there 

is a decision to be made. Should you buy an auxiliary boiler to make up the steam 

flow needed for the process?

In the current state, you can only make 93,000 lb/hr of steam, so now you must 

reconsider the design of the steam turbine generator set. If you reduce the steam 

flow input, the kW output from the steam turbine generator also is going to reduce 

down to 2.5 MWe in this example. You are back to where you started at 8.1 MWe. 

There really is no correct answer here. CHP projects have multiple drivers, and 

this situation could work for the customer. Equipment financials were purposely 

left out of the scenario so that the focus was solely on potential electrical savings. 

Every customer has a different threshold for what makes a project move forward. 

Sometimes, it does not have anything to do with payback or internal rate of return. 

A general principle for CHP projects is that the most successful ones have a steady 

electrical and heat demand and are relatively matched. 

Example Two
In the second example, the project does not have matching electrical and thermal 

demand. The customer has decided to purchase a 16 MWe gas turbine for their very 

low process steam load need of 150 psig, dry and saturated at 20,000 lb/hr. They 
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FIGURE 12 Example 1B CHP system design
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pay 20 cents/kWh for electricity and want cogeneration on-site, but the thermal 

and electrical is not a match. 

Consider the heat a 16 MWe gas turbine will produce, which is roughly 385,000 

lb/hr of 901 degrees F exhaust heat. If the system does nothing but recover the 

heat in the HRSG and produce 150 psig steam, it actually will make 64,000 lb/hr of 

steam, which exceeds their need of 20,000 lb/hr of steam as shown in Figure 13. 

You will have an excess of 44,000 lb/hr of steam with nowhere to go (presuming 

there is no other steam need on-site).

If the pressure was increased to 650 psig with some superheat, what would that 

do to the design of the HRSG? Actually, increasing the pressure really does not do 

anything to the output of the HRSG, nor does it significantly change the design. 

Because the process only needs 20,000 lb/hr of 150 psig steam, you have a couple 

of options to consider. 

Option One
If you add a duct burner and supplementally fire the HRSG to produce a much 

higher volume of steam, you actually can exceed 200,000 lb/hr of 650 psig, 700 

degree F steam, by duct firing at maximum capacity. That steam can be sent to an 

extraction/condensing steam turbine generator set to make a substantial amount 

of additional electricity – approximately 15 MWe. This 15 MWe at an annual steady 
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FIGURE 13 Example 2 CHP system design
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load with an electric cost of 15 cents/kWh will save the customer $19 million in 

electric costs annually. However, you must remember that you have to duct fire the 

HRSG to get that additional 180,000 lb/hr of steam. The system would essentially 

burn fuel to create electricity. If you are using a very low-cost fuel, it could make 

sense, but those numbers will have to be calculated and evaluated. 

Option Two
Another option, depicted in Figure 14, involves purchasing a small auxiliary boiler 

for the 20,000 lb/hr, 150 psig steam application, leaving it to conventional steam 

production. You can then revisit the original energy recovery of the gas turbine. 

If the HRSG is designed for 650 psig with 700 degree F and it only recovers the 

heat from the gas turbine, it would generate 47,000 lb/hr of steam. If that steam 

was sent to a multistage condensing turbine, it would generate almost 4 MWe of 

additional power without doing anything other than simply recovering the heat from 

the gas turbine and making a slightly higher-pressure steam.  

This 4 MWe of electrical generation at 15 cents/kWh could add up to a $5 million 

savings annually. Again, there is no magic answer here…only additional questions.

Resources
The U.S. Department of Energy (DOE) has many valuable databases and 

information on its website to help you navigate through any questions you might 

have. Its Combined Heat and Power Installation Database is of great assistance. 

FIGURE 14 Option Two CHP system design
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If you already have a CHP site, please be sure that it is 

registered with the database. 

The DOE Project Profile Database allows you to review 

more than 130 CHP project profiles so that you can 

research a project that is in your area or that is similar to 

the technology you are considering. 

An extremely valuable resource is the Database of State 

Incentives for Renewables and Efficiency or DSIRE. On 

this site, you can go to a specific state and determine 

what incentives are available for a type of project, as well 

as specific policies related to CHP.  As a taxpayer, most 

of these programs are funded by you, so please take 

advantage of them or they will disappear.

The DOE CHP Report will give you a summary of the 

technical potential for CHP in the United States. The 

study shows there is estimated to be more than 240 GW 

of technical potential at more than 291,000 sites within 

the country. Each state’s technical potential is shown in 

detail on state profile pages that include breakdowns by 

size range and facility type.

The DOE CHP Technical Assistance Partnerships 

(CHP TAPs) are hidden gems within the industry. The 

CHP TAPs offer fact-based, non-biased engineering 

support to manufacturing, commercial, institutional 

and federal facilities and campuses at little or no cost. 

These partnerships work with sites to screen for CHP 

opportunities, as well as provide advanced services to 

maximize the economic impact and reduce the risk of CHP 

from initial CHP screening to installation. Reach out to 

them if you have questions or need an unbiased technical 

review of your project, or if you are looking for a partner.

SUMMARY
Designing a small scale combined-cycle system is 

not easy. When you are dealing with projects that 

are under 20 MWe, you likely are sending steam to 

a process or heating a facility, which requires you 

to understand that process and the variations in 

heating cycles. You also have to understand gas 

turbines, HRSGs and steam turbine technology, as 

well as all of the auxiliary components. 

In contrast, sizeable combined-cycle projects found 

in large-scale utilities mostly focus on making as 

much electricity as possible and condensing the 

steam. Some engineers believe that the smaller 

projects are more difficult to bring together, and 

that could be why there are not more of them.  

There are many different motivators for CHP – 

reduction of utility costs, power reliability, backup 

generation and even greenhouse gas reduction in 

order to reduce carbon footprint. It is important 

to know that the design of your CHP system can 

change depending on that motivation. Every facility 

has different electrical and heating or cooling loads 

that are based on the type of site, process needs or 

even geographical location. 

The good news is that there is a community of 

manufacturers, as well as excellent engineering 

firms, that are willing to work together to help you 

design a successful project. There is no one-size-

fits-all approach. Each project is unique, and you 

must be flexible in order to get the desired results.  
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