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Abstract: Reduction of CO2 emissions and energy saving are at present urgent issues in 
many fields of industries. Steam, occupying a considerable energy consumption rate in the 
entirety of the industry, is normally generated in boilers. Study on replacement of boilers with 
heat pump system based on measurement of efficiency is under way. In fact, boiler efficiency 
is generally thought to be approximately ninety percent. However, the rate of heat loss from 
steam pipes can not be neglected at times. Accordingly, we executed measurement of total 
boiler efficiency by considering heat loss from steam pipes in an operating factory. Two 
methods were employed for the measurement of heat loss from steam pipes. One is how 
deference is calculated between steam flow rate at the boiler exit and that of machinery 
using steam. The other is how each drain flow rate from steam traps is measured. Both 
results are compared and discussed. 
 
 

Key Words: Steam, Boiler, Steam pipe, Heat loss, Total boiler efficiency  
 
 
1 INTRODUCTION  
 
Today, realization of a low carbon society is called for, as the importance of energy saving is 
growing larger day by day. In the industrial field, including manufacturing processes in 
factories, steam, which occupies a large ratio in total thermal energy consumption, has been 
supplied mainly by boilers. If the boilers can be replaced with a heat pump system in part, 
energy consumptions and CO2 emissions will be reduced. In order to compare thermal 
efficiency of the heat pump with that of the boilers, accurate investigation of energy losses 
are necessary. However, there has been few examples of heat utilization efficiency being 
measured at actual industrial facilities in the past. Consequently, we carried out practical 
measurements of steam flow rates in steam pipes and drain water flow rates from steam 
traps in an operating factory wherein consumption points (machinery) were located at a 
considerable distance from the boilers. We applied two methods to obtain measurement, and 
evaluated heat loss quantity by comparing both results. 
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2 NOMENCLATURE 
  

d : Diameter of orifice hole [m] F0: Size of orifice hole [m2] 
G : Mass flow rate [kg/s]  g: Gravitational acceleration [m/s2] 
h:  Enthalpy [J/kg]  L: Length of tube [m] 
P : Drain capture rate  ΔP: Differential pressure [Pa] 
r:  Radius of tube [m]  T: Temperature [degree C] 
W: Heat quantity [W]  X: Degree of dehydration 
α: Flow coefficient  ε: Expansion factor 
γ1: Specific gravity of fluid at the upper flow of orifice [kg/m3] 
η: Efficiency   λ: Thermal conductivity [W/m/K] 
θ: Thickness [m] 

Subscript 
boiler: Central boiler element  boiler-out: Outlet of the boiler  
cap: Captured drain   drain: Steam drain 
loss: Radiation of heat  machinery: Factory machinery 

n: Sequential number of steam trap sat-l: Saturated liquid 
sat-v: Saturated vapour  steam-pipe: Steam pipe 

total-boiler: Total boiler system  surface: Surface of steam pipe 
 
 
 
3 MEASUREMENT METHODS 
 
3.1 Calculation of Total Thermal Efficiency 
 
The total thermal efficiency of a steam supply system, including central boiler elements, 
steam pipes and machinery, was calculated using Equation (1).  

 
(1) 

 
The boiler efficiency of the central boiler elements was calculated by the heat loss measuring 
method (ASME 1998). Heat loss caused by combustion was determined by properties of the 
fuel and temperatures of the exhaust gas. As a result of calculation, the loss was 6 percent. 
Heat radiation loss from the boiler surfaces was estimated at 2 percent. This proved that the 
total efficiency was 92 percent. 

 
3.2 Evaluation of Heat Loss From Steam Pipes 
 
Steam pipes cause the largest energy loss in the steam supply system. In this study, the 
following two methods were applied to evaluations of energy loss. 
 
Evaluation by decrease in steam flow quantity method is based on measurement of steam 
flow quantity at the boiler outlet and its utilization. The efficiency was evaluated with the 
decrease in steam which was condensed and discharged as drain water. 
 
Evaluation by heat radiation method is based on measurement of drain water discharged 
from steam traps equipped on the steam pipes. The efficiency was calculated together with 
the drain water flow rate by considering that heat radiation from steam pipes caused a 
certain amount of steam to condense into water. 

 
3.2.1 Evaluation by decrease in steam flow quantity 

 

machinerypipesteamboilerboilertotal ηηηη ⋅⋅= −−
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Steam flow quantity at the boiler outlet was measured using a vortex flowmeter. Length of 
the steam pipe, which connected the steam header of the boilers to the machinery, was 
507.8m. Steam flow near the end of the pipe was measured with an orifice flowmeter as 
shown as Figure 1. The flow rate was calculated with differential pressure between both 
sides of the orifice using Equation (2). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1:  Orifice flowmeter  

 
 

(2) 
 
The flow coefficient α was determined with regard to the inside diameter ratio of the orifice 
hole and the pipe. The result was 0.8257 as calculated by a formula of a quadrant edge 
orifice. The expansion factor was found to be dependent on the differential pressure. In this 
case, the differential pressure was relatively small in comparison with the steam pressure. 
The expansion factor was then considered as 1. 
 
The inner diameter of the orifice hole was 0.0811 m. The specific gravity of the steam was 
determined by the pressure and was found to be 2.5 kg/m3. 
 
Next, the flow quantity was calculated with the differential pressure. Results of the 
measurements, which were carried out twice on different days, are shown in Table 1. Heat 
loss ratios were 34 percent, which were almost the same in both cases. 
 

Table 1: Rate of heat loss using calculation of decrease in 
steam flow rate between boiler exit and machinery 

 
 
 
 
 
 
3.2.2 Evaluation by heat radiation 
 

Heat loss radiated from steam pipe surfaces was calculated with deference to specifications 
of the thermal insulation material, and showed that thermal conductivity was 0.06 W/m/K and 
that thickness θ was 25mm. The radius of pipe was 81mm. There were four steam traps on 
the steam pipe. Distances from the boiler element to each trap are shown in Table 2. 
 

Case Steam flow at  boiler 
exit 

Steam flow at   
end of  pipe 

Rate of  heat 
loss 

1 380 kg/h 250 kg/h 34 % 
2 380 kg/h 250 kg/h 34 % 

PPgF Δ=Δ= 1
2

10 d0.012522G γαεγαε

Pressure 
gauge 
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Table 2:  Distances from boiler to each steam trap 

 
 
Heat radiation from the steam pipe, between (n-1)th steam trap and nth steam trap, can be 
calculated as Equation (3).  

 
 

(3) 
 
 

Drain flow quantity just before nth steam trap can be calculated as Equation (4). That just 
before the first steam trap can be calculated as Equation (5).  Drain discharge quantity from 
nth steam trap can be calculated as Equation (6). 

 
 

(4) 
 

 
 

 
(5) 

 
 

 
(6) 

 
 
In this measurement, pressure of steam was 0.50 MPa Gauge, and the saturation 
temperature was 152.7 degrees Celsius.  The heat of evaporation, which was defined as the 
difference in enthalpy between saturated vapour and water, was 2105.26 kJ/kg. 
 
Wetness at the boiler discharge was 0.2 percent, the drain capture rate was estimated at 60 
percent (Chitose and Umezawa 2009), and surface temperature of the steam pipe was 30 
degrees Celsius. Note that this data was obtained in summer.  
 
Drain flow rates at each steam traps were obtained by substituting actual values into 
equations. Results are shown in Table 3. 
 

Table 3:  Calculated drain flow rate 
 

 
 
 
 

On the other hand, the discharged steam drain was measured at two of the four steam traps. 
The drain was led to a container holding cold water. We measured speeds in which the 
quantity of water increased at steam traps #1 and #4. 
 

Trap # #1 #2 #3 #4 End of pipe 
 

Distance 210.3 m 305.5 m 333.3 m 429.0 m 507.8 m 

Trap # #1 #2 #3 #4 
Drain flow 

 35.0 kg/h 15.7 kg/h 4.6 kg/h 16.4 kg/h 

( )( )
( )( )rr

TTLL
W surfacevsatnn

nloss θλ
π

+⋅

−−
= −−

ln1
2 1

,

( )PG
hh

W
G ndrain

lsatvsat

nloss
ndrain −⋅+

−
= −

−−
11,

,
,

( )outboileroutboiler
lsatvsat

loss
drain XG

hh
W

G −−
−−

−⋅+
−
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As a result, calculated values of drain discharge were nearly equal to the actually measured 
values. Results are shown in Table 4.  In this experiment, the measurement of steam drain 
was based on ASME PTC (ASME 2005). 
 

Table 4: Comparison of drain flow rate between calculation value and measurement value  
 
 
 
 
 
 
This result showed that the calculated values and the actually measured values were similar 
and within a deviation under 7 percent. Thus, the estimation of thermal conductivity of the 
insulation material shows high validity. 
 
3.2.3    Calculation of heat radiation 
 
Due to the above mentioned results, heat loss from the boiler to the end of the steam pipe 
was calculated by substituting the total length of the pipe into Equation (3). The result 
obtained was 80.7kW. When the quantity of steam flow was 380 kg/h, the heat quantity 
supplied into the steam pipe was 290 kW. As a result, the heat radiation ratio was 28 percent. 
 
 
4 DISCUSSIONS 
 
Table 5 shows comparison of the results of heat loss ratio between the two methods. Results 
showed that heat loss ratios had dissimilar values, that is, 34 percent and 28 percent, 
respectively. However, note that steam leak loss was not considered in the heat radiation 
calculation. During measurement using the flowmeter, we confirmed the presence of one 
steam leak point on the pipe by observation. If the heat leak ratio was supposed to be 6 
percent, both heat loss ratios had almost identical values. We considered that the heat loss 
from steam pipes was 28 percent without leak loss. Generally, steam pipes in factories have 
several leak points which lead to heat loss. Thus, we believe that the results of evaluation by 
decrease in steam flow quantity, that is, 34 percent of heat loss from steam pipes, is a 
reasonable value. 
 

Table5: Comparison of results between two methods 
 

 
 
 
 
 
 
Heat loss ratio of steam consumption in manufacturing processes can be estimated by 
quantity and temperature of products and from discharged drain from machinery. When we 
conducted measurement of some manufacturing processes, the average value of heat loss 
was 7 percent, and the heat utilization efficiency was 93 percent. 

 Distance from  
upper trap 

Calculation 
value of drain 

flow rate 

Measurement 
value of drain 

flow rate 
Deviation 

Trap #1 210.3 m 35.0 kg/h 32.9 kg/h 6.4% 
Trap #4 95.7 m 16.4 kg/h 17.3 kg/h 5.2% 

 Heat loss 
ratio Note 

Evaluation by decrease in steam 
flow quantity 

34%  

Evaluation by heat radiation and 
drain flow 

28% Leak loss is not 
included. 
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Each element of heat loss of a steam supplying system is shown in Table 6. Remaining heat 
from the boiler to the drain is shown in Figure 2. 
 
As a result, the total heat utilization ratio was 56 percent.  
 
 
 
 
 

Table 6:  Heat utilization efficiency analyzed by elements 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2:  Remaining heat of steam  
 
 
 
5 COMPARISON WITH HEAT PUMP APPLICATION 
 
Energy consumptions and CO2 emissions were compared between a case that a heat pump 
is applied to the factory and the current condition of the boilers. Heat pumps can be equipped 
dispersedly in a factory because they are generally smaller than boilers. When the heat 
pump was located contiguously to the machinery, heat losses from steam pipes are 
negligibly small. Total COP of the heat pump was then regarded as 3.0 with consideration to 
the latest heat pump products.  
 
Comparison of primary energy consumptions is shown in Table 7. Gross calorific value of 
electricity is officially announced by the Agency for Natural Resources and Energy. As a 
result, primary energy consumption of a heat pump is about 46 percent of that of a boiler. 
 

Table 7:  Comparison of primary energy consumptions  
 
 
 
 
 
 
 
 
 

Elements Elemental efficiency Accumulated 
efficiency 

Central boiler element 0.92 0.92 
Steam pipes 0.66 0.61 

Manufacturing processes 0.93 0.56 

 Total Efficiency 
(COP) 

Gross Calorific Value of 
Primary Energy 

Primary Energy 
Consumptions per 

1.0kJ Output 
Electric Heat 
Pump 

3.0 8.81  kJ/kWh 0.82 kJ 

Gas  
Boiler 

0.56 1.0 kJ/kJ 1.79 kJ 

56 %  
Utilized energy 
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Comparison of CO2 emissions is shown in Table 8.  Basic unit of CO2 emissions for electric 
power consumption is calculated by Tokyo Electric Power Company according to the Act on 
Promotion of Global Warming Countermeasures. That for fuel gas is defined by the same law. 
As a result, CO2 emission of a heat pump is about 40 percent of that of a boiler. 
 
 
 
 
 

Table 8:  Comparison of CO2 emissions  

 
 
6  CONCLUSION 
 
We carried out measurements of boiler efficiency in an actual factory utilizing two methods. 
Both results were almost the same regarding steam leak points in steam pipes. These 
methods can also be utilized for investigation and analysis of energy use in other factories. 
 
As a result of estimation using the total efficiency of boilers, it is proved that primary energy 
consumptions and CO2 emissions can be reduced by heat pump application. 
 
We will continue to examine and utilize the results to achieve further energy saving and 
reduction of CO2 emissions in the future. 
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 Primary Energy 
Consumptions per 

1.0kJ Output 

Basic Unit of CO2 
Emissions per Primary 
Energy Consumption 

CO2 Emissions 
per 1.0kJ Output 

Electric Heat 
Pump 

0.82 kJ 0.0436 kg-CO2/kJ 0.036 kg-CO2

Gas  
Boiler 

1.79 kJ 0.0499 kg-CO2/kJ 0.089 kg-CO2

- 7 -

10thIEA Heat Pump Conference 2011 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


