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Energy Intelligent Solutions  provides independent advice and solutions 

for energy transition and carbon reduction to industrial and commercial 

organisations where energy matters 

Low Carbon Steam 

A 
typical steam system 
will consist of fossil 
fuel fired boilers, a 
steam distribution 

system operating at a specific 
pressure (or pressures), heat 
exchangers or live steam users 
where the steam is used for 
heating, and condensate return 
systems. There will also be 
supporting water treatment 
facilities and in some cases 
exhaust gas monitoring and 
abatement systems.  

A typical natural gas fired boiler 
(methane fired) will have an 
average thermal efficiency (using 
the gross calorific value of the 
fuel) of about 75 to 80%. 75 to 
80% of the energy in the fuel 
(calculated as the flow rate 
multiplied by the gross calorific 
value) will be transferred to the 
boiler feed water to transform 
the water into steam.  

The boiler energy losses 
include: 
• the heat in the exhaust gases 

(including the latent heat of the 
water in the exhaust) 

• the heat lost from surfaces 

• heat loss associated with boiler 
blowdown (the extraction of 
water from the boiler to control 
the dissolved solids) 

• energy loss associated with 
unburnt (or partially combust-
ed) fuel 
Further energy loss occurs in 

the preheating of the (make up) 
feed water to the boilers.  Feed 
water is generally heated to 80°C 
or above as part of the water 
treatment process. This heat 
demand increases with reduced 
levels of condensate return. 
Often, this heat demand is met 

using steam but it can be using 
heat from other sources (waste 
heat, heat from the boiler 
exhaust using an economiser, 
using a heat pump) or it may be 
that the feed water is supplied to 
the boiler at a lower temperature 
(and heated in the boiler). 

Losses occur in the distribution 
of steam, from the pipework 
(depending on the quality of the 
insulation) and from leaks of 
steam, including steam passing 
through malfunctioning steam 
traps. 

At the point of use, the steam is 
condensed and transfers heat.  
The condensed liquid may be sub 
cooled. The amount of heat 
transferred per unit of steam 
depends on the pressure at the 
point of use and the sub-cooling 
of the condensate. 

The figure shows the energy 
content of steam at varying 
pressures.  The heat released by 
steam in a heat exchanger is the 
difference between the total heat 
in the steam and the heat in the 
condensate (which may be at the 
steam temperature or lower if 
subcooled). The figure also shows 
the link between pressure and 
temperature of saturated steam. 

Carbon Emissions, and Cost of Steam 

Boiler schematic showing losses 

The energy content of steam 



Energy (and water) is lost 
from condensate as flash 
steam if the condensate is 
collected at atmospheric 
pressure (or a lower pressure 
than the steam is used) and 
from the condensate return 
pipes and vessels. 

The calculation of overall 
energy use per unit of 
delivered heat, and also the 
cost and carbon emissions per 
unit of delivered heat, should 
take all these losses into 
consideration: 
• the heat delivered should be 

calculated using the steam 
flows and conditions and the 
condensate conditions at 
the points of use 

• the energy used should be 
calculated from the fuel into 
the boiler and any additional 
energy use for preheating 
which is not directly from 
the boiler 
These cost and carbon 

emissions factors should be 
compared with the equivalent 
for the alternative sources: 
electricity, renewable fuels 
and heat pumps. The UK costs 
and carbon emissions for grid 
electricity at the time of 
writing are 12p/kWh and 0.22 
kg/kWh, for example. 

Steam has additional costs 
associated with its generation 
and use, including the costs of 
water treatment, effluent 
treatment, water usage and 
the operation and 
maintenance of the 
equipment which should be 
added. 

Where the source of heat 
for steam generation is waste 
heat, the energy input needs 

to be calculated using the 
mass flow and enthalpies of 
the waste heating fluid (which 
will be available from the 
suppliers of equipment in the 
case of combined heat and 
power plant). 

Use Less Steam  
Reducing steam demands 

will reduce carbon emissions 
and costs, and should be the 
first option considered.   

Reduced steam demands 
will reduce the capital cost of 
low carbon replacement 
solutions.  It may be that the 
use of steam can be 
eliminated completely by 
process change, heat 
recovery, energy efficiency or 
the use of alternative, low 
carbon heating. 

Care should be taken to 
consider the marginal cost of 

heat and the marginal carbon 
emissions when analysing the 
impact of steam usage 
reductions. A reduction in 
steam demand due to a 
reduced need for process or 
space heating, for example, 
will probably not reduce the 
parasitic heat losses (leaks, 
losses from hot surfaces, etc.) 
and so a given reduction in 
process/space heat demands 
will lead to a lower 
percentage decrease in overall 
energy demand.  

Opportunities to reduce 
steam demands include: 
• process change 
• improved control and 

optimisation 
• better insulation 
• heat recovery 
• use of alternative heat 

sources 
The efficiency of steam 

generation can be improved 
by: 
• heat recovery from hot 

exhaust  
• blowdown control 
• blowdown heat recovery 
• oxygen trim control 
• combustion air preheating 
• variable speed drives for 

pumps and fans – saving 
electrical energy 

• optimum boiler loading/
sizing – avoiding low load 
operations 

• lower steam pressures 
• flash steam recovery 

• improved condensate return 
levels 

• insulation and 
rationalisation of steam and 
condensate pipes, valves 
and vessels 

• steam trap maintenance 
• reduction in steam and 

condensate leaks 

Electrification 

The use of direct electricity 
to generate steam is an option 
to reduce carbon emissions 
where the carbon intensity (kg 
carbon dioxide emitted per kg 
kWh of electricity) is lower 
than the carbon intensity of 
the steam. 

In the example above the 
carbon emissions factor was 
calculated at 0.343 kg/kWh. In 
the UK at the time of writing 
the average emissions factor 
for grid electricity is 0.22 kg/
kWh. Conversion to 
electrically heated boilers will 
reduce carbon emissions by 
36% in this case. 

Where renewable power is 
available, carbon emissions 
can be reduced to zero, or 
near zero. 

The cost of electricity is 
almost always higher than the 
cost of fuels per kWh of 
energy.  Electrification, 
therefore, will generally, but 
not always, increase operating 
costs. 

In the example, the cost of 

Consider a boiler generating 10 tonnes per hour of steam of which 8 tonnes are usefully 
used for heating (the rest for feed water heating and other losses). The steam pressure at the 
point of use is 8 barg and the condensate is not sub cooled. Fuel use in the boiler (using the 
gross calorific value) is 10 MW. 

At 8 barg, the enthalpy of saturated steam (hf) is 2773 kJ/kg and of saturated liquid (hl) is 
743 kJ/kg. 8 tonnes per hour of steam condensing at 8 barg with no condensate subcooling 
will deliver: 
Heat delivered  = mass flow (kg/s) * (enthalpy out – enthalpy in) 
 = 8,000/3600*(2773 – 743) 
 = 5,400 kW 
 
Overall efficiency  = heat delivered/energy used*100% 
 = 5,400/10000*100 
 = 54% 

Such a low overall efficiency is not uncommon in large steam systems especially where 
steam demands have changed over the years. 

Assuming a price of fuel of 2p/kWh and a carbon price equivalent to say 1p/kWh (equal to 
approximately £50 per tonne of carbon), then the cost of delivered energy will be 5.6p/kWh 
(=3 /.54). 

Assuming a carbon emissions factor for the fuel of 0.185kg CO2 per kWh (which is the ap-
proximate factor for methane), the carbon emissions per kWh of heat delivered will be 0.343 
kg CO2 per kWh of heat delivered. 



delivered heat was calculated 
at 5.6p/kWh and could be 
higher than this if other costs 
are included. Electricity in the 
UK at the time of writing costs 
around 12p/kWh.  There are 
less losses in an electrically 
fired boiler (no exhaust 
gases), but the heat losses, 
transmission losses, leaks and 
similar will remain. In the UK, 
transition to electricity to 
generate steam will double 
operating costs approximately 
(in 2021). Even for a relatively 
modest steam demand 
averaging at 8 tph, this means 
an increase in costs of over 
£2M a year as an example. 

In other circumstances, 
renewable power may be 
available at much lower cost 
and electrification can be 
competitive or even reduce 
operating costs. The overall 
cost of electricity from 
offshore wind in 2021 (the 
levelised cost of electricity - 
LCOE) is around 5p/kWh 

which is similar to the cost of 
delivered heat from steam. 

Electric boilers are 
established technology and 
readily available. The costs of 
electrification should include 
the additional costs of 
electricity supply 
infrastructure which may be 
considerable. 

Heat Pumps 

Heat pumps can be an ideal 
solution for low temperature 
heating demands.  

Heat pumps delivering heat 
at 80°C or below are 
commonly used for space 
heating and process heating.  
With a coefficient of 
performance (COP) of 4 
typically (the exact COP 
depending on the source and 
sink temperatures) the carbon 
emissions can be very low or 
zero and operating costs can 
be competitive. 

A heat pump for boiler feed 
water preheating to replace 

the use of steam would be an 
ideal application. The power 
required would be some 25% 
of the power for direct electric 
heating. 

The generation of steam 
with a heat pump is not 
widely applied yet, but the 
technology is well established 
and in use as MVR 
(mechanical vapour 
recompression) solutions for 
evaporation plants, for 
example. The figure above 
shows a typical system 
schematically along with 
modelled operating 
conditions. 

Water is evaporated at low 
pressure using waste heat 
(the heat sink) and then 
compressed to a higher 
pressure. To be economic and 
practical, the pressure 
increase (and therefore the 
temperature difference 
between the heat sink and the 
heat source) should be as low 
as possible. 

The diagram shows a 
simulation of steam generated 
at 3.5 barg from a waste heat 
source at 80°C. The feed 
water to the heat pump is at 
70°C and the pressure of the 
steam feed to the compressor 
is 0.4 bara. 

The heat pump shown 
delivers 2,702 kW of heat at 
the point of use. The power 
used by the compressor is 688 
kW and the COP of the heat 
pump (heat delivered/power 
used) is 3.9. The cost of 
delivered heat assuming UK 
grid power is 3p/kWh and the 
carbon emissions are 0.056 
kg/kWh. 

This example assumes waste 
heat is available at circa 80°C.  
With lower temperature heat 
sources, or ambient 
temperature heat sources, the 
solution is still viable. A 
second heat pump delivering 
heat at 80°C can be used, for 
example. If this heat pump 
were using cooling water at 
say 40°C as the heat source 
(low grade waste heat that is 
usually discarded), then the 
power required to raise the 
heat source temperature to 
80°C would be an estimated 
633 kW (=2344/3.7). The 
overall power required to 
generate the 2,702 kW of 
useful heat would be 1,321 
kW. This is still less 
significantly less than the 
power required using direct 
electricity. The overall COP is 
2. 

For maximum effect, heat 
pumps are best suited to a 
small temperature lift. 

Schematic of a Heat Pump for Steam Generation with Process Conditions 



Renewable Fuels 

Renewable fuels are an 
alternative solution to 
electrification, valuable where 
low cost, low carbon 
electricity is not available or is 
very expensive to implement 
(for example due to the high 
cost of extra capacity 
needed). 

It is often the case that the 
heat demands of an industrial 
site are much higher than the 
existing power demands, so 
new infrastructure to support 
electrification would be 
required. In some cases, it 
may be more practical and 
cost effective to consider 
renewable fuels, either 
purchased and delivered or 
‘created’ on site. 

Renewable fuels include 
gases - for example biogas and 
biomethane (mostly from 
anaerobic digestion of waste) 
and hydrogen (from the 
electrolysis of water or the 
reforming of methane with 
carbon capture and storage). 
Gases can also be generated 
from the gasification/pyrolysis 
of biomass.  Renewable 
liquids include biodiesel, 
bioethanol, hydrogenated 

vegetable oil (HVO) and other 
fuels from waste or the 
combination of hydrogen and 
recovered carbon dioxide.  
Renewable solid fuels include 
biomass (wood, crops, and 
sewage sludge) and waste. 

These fuels can be 
combusted in boilers and used 
to generate steam. Renewable 
fuels can also be used in 
combined heat and power 

plants – gas engine based 
systems fired with clean gas 
(biomethane, biogas, 
hydrogen, syngas), gas 
turbines fired with renewable 
gases or liquids, indirect fired 
air/gas turbine systems, steam 
cycles and Organic Rankine 
cycles heated with renewable 
fuels. 

Issues with renewable fuels 
include the cost of the fuel, 
the supply chain, localised 
emissions and in some cases 
the environmental impact of 

the production of the fuel, for 
example the impact on land 
usage, biodiversity and food 
production. 

Carbon Capture, 
Use and Storage 

A solution for the (near) 
future is to capture carbon 
dioxide from the exhaust 
gases of a (fossil) fuel fired 
boiler and to sequester the 
carbon dioxide to avoid its 
release into the atmosphere 
for the longer term.  

Related Insights available from Energy Intelligent Solutions 
include: 
• Heat Pumps 
• Heat Recovery 
• Efficient Use of Steam 
• Pinch Technology 
• Boiler Efficiency 
• Combined Heat and Power - gas engines 
• Combined Heat and Power - gas turbines 
• Renewable Combined Heat and Power 
• Renewable Fuels 
• Hydrogen 
• Heat to Power 
• Fuel Cells 
• Low Carbon Power 
• Carbon Capture, Use and Storage 

for further Insights visit our website: www.energyintelligentsolutions.com 

for advisory services contact: insights@energyintelligentsolutions.com 
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