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Abstract:
Optimizing the efficiency of residential energy systems is important to reduce the
CO2 emissions of the building stock. A field test with an innovative potable hot
water (PHW) appliance will be presented, reducing the return flow temperature to
16 ◦C. This increases the efficiency of the heat production units (HPU) to more than
98 %. Measuring this efficiency becomes more complex with new residential energy
systems. Multiple HPUs, each having multiple return flow ports, impede the use of
heat and gas meters as a reliable and accurate measure. Requiring more meters, the
measurement error is increased. Furthermore, the delayed response of heat meters
doesn’t allow for analyzing transient processes. Thus a detailed combustion analysis
will be introduced to accurately calculate the efficiency of an arbitrary number of
HPUs with multiple ports. Its performance will be investigated and compared to
other methods with regard to measurement errors, accuracy and dynamic response.
For this, long term measurement data from the field test will be used.
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1. Introduction

To reach the goals specified in the Paris Agreement, recently discussed at the UN Climate
Change Conference in Katowice, Poland, the reduction of the energy consumption in the build-
ing stock is unavoidable. It is estimated, that the energy consumption in buildings is responsible
for 20 % to 40 % of the total energy use in developed countries [1], mainly resulting from HVAC
loads. While the space heating load has already been reduced in the past years, the demand
for PHW remains constant. Thus its share of the total heat consumption may reach well above
50 % in newly built residential buildings. The efficiency of PHW appliances is currently not
controlled. High peak loads and return flow temperatures of more than 50 ◦C hamper the ef-
ficient operation of HPUs like condensing boilers (CB) or combined heat and power (CHP)
plants [2,3]. As a consequence the efficiency with reference to the higher heating value (HHV)
generally is lower than 90 %. It has been shown that values above 98 % can be achieved with
modern low exergy PHW appliances [4]. Since CB and CHP are an important and widely used



transitional technology on the way to reaching the climate goals, an increase in efficiency will
lead to a substantial reduction of CO2 emissions [5].
In this paper a field test of a modern low exergy PHW appliance capable of yielding average
thermal efficiencies of CB of more than 98 % [4] will be presented. Since most modern and
efficient CB and many CHP plants feature separate ports for low- and high-temperature return
flows, new optimization potential can be derived from splitting up discrete return flow tem-
perature levels from separate appliances like space heating, recirculation heating and PHW.
However this introduces additional difficulties when analyzing the efficiency of the HPU. Addi-
tional heat meters have to be installed, resulting in higher total measurement errors and higher
costs. In larger residential buildings with more than 20 dwelling units, typically more than one
HPU is installed to level the peak loads more efficiently. This leads to an even more complex
process for the calculation of the efficiency of each HPU, since the measured gas flow has to be
split up among several HPU of possibly different types.
In order to fully utilize the optimization potential of HPUs, the efficiency of each unit must
be known as accurately as possible, even during short-term transient processes. Thus this
paper will analyze different methods to determine the efficiency of HPUs with respect to errors,
accuracy and dynamic response. A reference method, measuring the accumulated condensed
water from a flue gas heat exchanger, will be defined. The most common method of metering
the gas consumption and heat flows as well as a detailed combustion analysis will be compared
to the reference method. Long-term measurements will be used to support the statements.
The layout of this paper is: At first, the field test is presented. § 3. gives a brief summary of
methods to determine the thermal efficiency before explain these in more detail. The perfor-
mance analysis of these methods is shown in § 4.. Finally, conclusions are drawn in § 5..

2. Field test with high efficiency condensing gas boiler

An innovative low exergy PHW appliance has been developed to reduce the return flow tem-
perature. This leads to an increased efficiency of decentralized conventional fuel HPUs like CBs
and CHP plants as well as a more efficient use of other heat sources. This low exergy PHW
appliance has been optimized and tested on a laboratory test rig in [6, 7]. Subsequently it was
installed in five apartment buildings consisting of about 300 dwelling units in total [7]. Utilized
heat sources include district heating networks, geothermal power, solar thermal power, CB and
a CHP plant. Data acquisition and evaluation is still in process.
A simplified schematic drawing of the PHW appliance is shown in Fig 1 (b). It can be seen
that the thermal energy storage (TES) is the key element of the PHW appliance. All demand
and supply flows are split up according to their typical temperature ranges, as summarized
in Tables 1 and 2, and extracted from or stored in the storage at their specific stratification
height. By this, the TES remains fully stratified at each point in time. Mixing is minimized,
thus loss of exergy and available temperature level is avoided. Since the heat capacity of a TES
of given size is mainly depending on the stratification quality and the range of temperatures in
the storage, the heat capacity is maximized. It has been shown in a variety of publications that
the available heat capacity is crucial for optimizing heating appliances and HPUs like CHP
plants or CBs with respect to efficiency [7], flexibility and load management [8, 9] etc.
A first evaluation of the field test using a natural gas fueled CB and solar thermal collectors
(not depicted in the schematic) has shown that even under adverse conditions over a time span
of 18 months an average return flow temperature of about 16 ◦C is achieved [4]. This allows for
an extensive cooling of the flue gas below the dew point of about 55 ◦C, almost fully extracting
the HHV. The average efficiency over a time span of six months was ηHHV > 98 %. Furthermore
thermal load peaks can be balanced, so that only a small variance of the load is remaining. All
hygiene regulations are complied with.
Selected sets of quantities measured throughout the whole year 2018 are shown in Table 1 for
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Figure 1: (a) Typical dual-boiler setup in residential buildings with selected meters; line styles correspond to
labeled lines in (b), (b) simplified schematic drawing of the field test, omitting most technical components

loads and in Table 2 for the low and high temperature heat and gas meters. Space heating
loads are only recorded and evaluated during winter. The locations of the heat and gas meters
are depicted in Fig 1 (a).
Selected sets of quantities measured throughout the whole year 2018 are shown in Table 1 for
loads and in Table 2 for the low and high temperature heat and gas meters. Space heating loads
are only recorded and evaluated during winter. The locations of the heat and gas meters are
depicted in Fig 1 (a). A statistical evaluation of the PHW appliance’s load leveling capacities is
conducted. It can be seen that the values measured by the heat meters are centered around the
mean, having a low total range, interquartile range and standard deviation, whereas the load’s
statistical measures show significantly higher deviations from the mean. The gas meter of type
diaphragm meter is logged in discrete pulses and may thus be disregarded in the comparison
of statistical measures. It can be concluded, that the PHW appliance is leveling the loads to
great extent, enabling the HPU to be in constant operation. This avoids loss of efficiency due
to frequent on-off-switching. Furthermore the flue gas temperature (FG) is shown in Table 2.
Its yearly mean value is at 27 ◦C, meaning that almost the entire HHV can be used.

Table 1: Performance indicators and statistical measures of the heat loads in the field test

Quantity \ load: PHW recirculation space heating

temperature forward flow, ◦C θ̄ff,PHW ≈ 59 θ̄ff,rc ≈ 59 45 ≤ θff,sh ≤ 75
return flow, ◦C θ̄rf,PHW ≈ 15 θ̄rf,rc ≈ 55 30 ≤ θrf,sh ≤ 55

heat load min ≤ Q̇ ≤ max, kW 0 ≤ Q̇PHW ≤ 201 1 ≤ Q̇rc ≤ 23 0 ≤ Q̇sh ≤ 245
Q1 ≤ Q2 ≤ Q3, kW 9 ≤ 22 ≤ 36 13 ≤ 14 ≤ 15 43 ≤ 71 ≤ 100
¯̇Q± σ, kW 26± 22 14± 1.4 73± 36

Table 2: Performance indicators and statistical measures of the logged heat and gas meters in the field test

Quantity \ Meter: high temp. low temp. gas (HHV)

temperature forward flow, ◦C θ̄ff ≈ 73 –
return flow, ◦C θ̄rf,HT ≈ 53 θ̄rf,LT ≈ 16 θ̄FG ≈ 27

heat output min ≤ Q̇ ≤ max, kW 0 ≤ Q̇HT ≤ 51 0 ≤ Q̇LT ≤ 41 0 ≤ Q̇G ≤ 324
Q1 ≤ Q2 ≤ Q3, kW 13 ≤ 16 ≤ 19 19 ≤ 22 ≤ 24 39 ≤ 67 ≤ 121
¯̇Q± σ, kW 15± 8 20± 7 79± 55



3. Methods to determine the thermal efficiency of HPU

Currently 36 % of the European primary energy demand stems from thermal loads [5], a large
share of this from residential buildings. As a consequence, reducing the energy demand of the
building stock is one of the most important steps to reaching the climate goals.
Without knowledge of each building’s HPU efficiency, it will be impossible to lay out a road
map for the energy optimization of the building stock. In contrast, having a dataset of HPU
efficiencies allows to easily assess, where an optimization of heat production, distribution and
consumption will be most effective. Therefore it is of high importance to determine the efficiency
of each HPU accurately, fast and without effort. This section will present three methods to
determine the efficiency.
The most common method to determine the efficiency is to measure the fuel flow on the supply
side and the heat flow on the demand side. This method can be adapted to a multitude of heat
sources, for example CHP plants and gas/oil boilers [10–12]. It is the method recommended
by many organizations such as ASHRAE [13], German regulations [14] or the Annex 42 [15].
It will be described in more detail in section 3.1.
Measuring the aggregated volume of condensed water is less commonly used. In field tests,
only few applications can be found [3, 7]. Even though it can be a highly accurate measure
to calculate the efficiency with reference to the HHV, it requires considerable effort to deploy
correctly. The condensed water volume measurement method will be shown in section 3.2.
The last method to be presented in this paper is a combustion analysis by measuring the FG
temperature. It is widely used for non-CB or CB when the FG temperature is above the
dew point. Also it is part of national regulations for assessing the efficiency of HPU and the
emission of pollutants in several countries, for example in Germany as part of the Federal
Immission Control Act (BImSchG) [16] and in Austria [17]. However the method contained in
the regulations, the Siegertsche formula shown in (1), is a rough approximation for the FG heat
loss qFG in percentage values. It is not valid below the dew point [18]. The volumetric fraction
of oxygen in the FG, O2, has to be measured. Furthermore, the selection of fuels is restricted
to tabular values for the parameters A2 and B. Other factors such as the relative humidity of
the combustion air are completely neglected.

qFG = (θFG − θA)

(
A2

21−O2

+B

)
(1)

Since this equation does not yield any suitable values for HPUs with condensation, a detailed
combustion analysis will be presented for determining the HPU efficiency. This method in-
corporates the combustion air and FG temperature, the relative humidity, the elementary gas
composition and the air-fuel-ratio λ. Using combustion analysis for calculating the efficiency of
HPUs, particularly CBs, has been proposed since the first condensing HPUs were available for
residential buildings. Kuck [19] has shown its applicability for a variety of fuels and different
kinds of HPUs. Che et al. [3] put emphasis on large boilers with heat outputs of up to 2.8 MW.
Qu et al. [20] used combustion analysis for modeling a system’s efficiency in the equation solving
program EES, while experimentally analyzing the efficiency using heat and gas meters.
Up to this point in time, there is no investigation published comparing the combustion analysis
with other methods for efficiency calculation. Thus it will be presented in section 3.3. and
compared to the aforementioned methods in the following sections.

3.1. Heat and gas meters

Heat and gas meters are commonly used in residential buildings for the billing of annual costs
for space heating and potable hot water as well as for quantifying heat flows and efficiency in
many field tests. Gas meters are always present when gas burning heat production units are
in use. However heat meters to measure the actually extracted amount of energy are often



avoided due to their high cost, even though they are widely seen as a very important tool for
optimizing the efficiency of heat production units. This method to calculate the efficiency of
HPUs is only applicable when a heat meter is available.
State of the art heat meters in residential buildings make use of non-intrusive in-line ultrasonic
flow meters for measuring the flow speed and volumetric flow rate V̇ , as well as temperature
sensors in the forward and return flow to determine the temperature difference ∆θ.
Gas meters, being of the type diaphragm gas meter in almost all residential buildings, record
the cumulative flown gas volume by counting filling intervals of a control volume, resulting in
a non-continuous stepwise measured profile. Gas temperature and pressure as well as ambient
pressure influence the measured volume. To obtain the gas volume with reference to standard
conditions (θN = 273.15 K, pN = 101 325 Pa), the volume is multiplied with the conversion
factor z, shown in (2).

z =
θN
θG

pA + pG
pN

(2)

Using this, the HHV of gas HHHV and by differentiation of the measured gas volume, the energy
flow of gas can be calculated, as in (3). The heat flow on the water supply side of a HPU with
n ports can be obtained according to (4). The calculation of the resulting efficiency, shown in
(5) is straightforward.

Q̇G,HHV = z
∆VG,N (t)

∆t
·HHHV (3)

Q̇hm,tot =
n−1∑
i=1

(
c̄p,i V̇i (θrf,i) ρ (θrf,i) (θff,i − θrf,i)

)
(4)

ηHHV =
Q̇hm,tot

Q̇G,HHV

(5)

Since the measured gas volume is non-continuous and the heat transfer to water is an inert
process, the measurement data has to be preprocessed for subsequent calculations. Fig 3 (b)
shows measurements after applying a rolling mean over a window of 15 min. The delay in the
heat meter is apparent. The impact on the dynamic response will be discussed in section 4.3.

3.2. Condensed water volume

If correctly applied, measuring the aggregated condensed water volume can be a highly accurate
measure for calculating the condensing efficiency of a HPU. The main constraint for this method
is that the FG temperature must be well below the dew point, so that a substantial amount
of condensation can occur. With average FG temperatures of 27 ◦C in the field test, this
assumption can be satisfied. Furthermore it has to be made sure, that any condensation not
outside of the heat exchanger is diverted into a separate drain, f.i. by use of watersheds.
According to standard DIN 5499:2018-07 [21], the HHV of gas is related to the lower heating
value HLHV by

HHHV,N = HLHV,N + χw∆Hv,w,N (6)

with the molar fraction of water in the FG χw and the enthalpy of vaporization of water
∆Hv,w,N . It can be seen that the difference between the HHV and the lower heating value is
only depending on the fraction of condensed water to the total amount of water in the fuel. As
a consequence, the condensed water volume is an accurate measure to determine the fraction
of the extracted enthalpy of condensation and thus of the efficiency with reference to the HHV.
To utilize the condensed water volume measurement for general efficiency calculations, the
difference of sensible heat between the lower heating value and the FG has to be compensated.
This can only be neglected for FG temperatures close to the reference condition of the lower



heating value of 25 ◦C, since the deviation for gaseous fuels is typically far less than 0.1 % K−1.
To reduce the measurement error, the water collection container should have a large volume
with a small base area. This results in a stepwise measured profile for the filling intervals as
shown in Fig 3 (a), reducing the applicability of the measurement method for dynamic analysis.

3.3. Combustion analysis

A traditional combustion analysis with the Siegertsche formula in (1) is only valid above the
dew point. To extend the applicability to all relevant temperatures, a more detailed approach
has to be taken. As a first step, an elemental analysis of the fuel leads to a calculation of the
required amount of combustion air and the FG composition. For natural gas as in Table 3 and
the parameters given in Table 5, the sample values in Table 4 can be calculated. Fig 3 (c) shows
a measurement of the FG temperature, the most important parameter of this method, in the
course of a day. The water content of the cold FG is obtained by setting the partial pressure

Table 3: Gas properties

CH4, % 95.7
C2H6, % 3
C3H8, % 0.17
C4H10, % 0.11
C5+, % 0.02
HHHV , MJ m−3 40.6
HLHV , MJ m−3 36.6

Table 4: Composition of combustion air and flue gas

Component H2O N2 O2 CO2 Ar total

φA, % 0.2 72 21 0.5 0.7 1
φFG,hot, % 16.4 70.9 4.4 7.5 0.8 100
φFG,cold, % 3.7 81.7 5 8.6 1 100
mA, kg/m3

gas,N 0.2 12.3 3.78 0.01 0.21 16.5
mFG,hot, kg/m3

gas,N 1.83 12.3 0.87 2.05 0.21 17.3
mFG,cold, kg/m3

gas,N 0.36 12.3 0.87 2.05 0.21 15.8

Table 5: Sample combustion parameters

θFG θA ϕA λ θdew Q̇hm,tot Q̇G,HHV Q̇G,LHV V̇G,N

27 ◦C 22 ◦C 73 % 1.3 55.3 ◦C 137 kW 142 kW 128 kW 3.5 · 10−3 m3 s−1

of water vapor equal to the saturated water pressure, which itself can be either calculated with
the FG temperature using several empirical correlations as listed by Buck [22] or using tabular
values. In this article, the latter has been used. Assuming conservation of mass and energy
and the HPU to be adiabatic to the environment yields:

ṁG (HHHV + hG) + ṁAhA = Q̇HPU + ṁFG,dryhFG,dry + ṁg
wh

g
w + ṁl

wh
l
w (7)

with ṁFG,dry = ṁG + ṁA − ṁg
w − ṁl

w. Furthermore all gaseous components are treated as
ideal gases with constant pressure at inlet and outlet, hence the enthalpy is only a function of
the temperature. Now a surrogate term QL for losses of the HPU, referring to the reference
temperature of the HHV and LHV as specified in [21], can be defined:

Q̇L = ṁG (hG (θG) + hG (θref )) + ṁA (hA (θA) + hA (θref ))

+ ṁFG,dry (hFG,dry (θref ) + hFG,dry (θFG)) + Q̇v,L + Q̇g
s,w,L + Q̇l

s,w,L

(8)

The calculation of the first three terms and Q̇v,L is straightforward, as shown in (9) and (10).
For the calculation of the losses due to not extracted sensible heat of water during condensation,
the saturated water content ww,max (θ) has to be integrated over the temperature from θref to
θFG. This leads to the equations for sensible heat flow from gaseous water in (11) and liquid
water in (12). The result of the integration in these equations is shown in Fig 2 for a FG
temperature of 43 ◦C. The resulting full loss term can be obtained according to (13). The
temperature delta of inlet flows is defined as ∆θA/G = θref − θA/G, whereas that of outlet flows
reads ∆θFG = θFG − θref . Consequently, losses have a positive algebraic sign, while gains are



negative. For the case of (θFG < θref ) ∨ (θAG � θref ), gains are possible.

Q̇g
s,x,L = ∆θx

n∑
i∈I

(
c̄gp,i ṁi,x

)
, with


I = {H2O,N2,O2,CO2,Ar} for x ≡ A

I = {CH4,C2H6,C3H8,C4H10,C5+} for x ≡ G

I = {N2,O2,CO2,Ar} for x ≡ FG

(9)

Q̇v,L =
(
ṁg
w,FG,cold − ṁ

g
w,A

)
∆hv,w (10)

Q̇g
s,w,L = ṁFG,dry c̄

g
p,w

∫ θFG

θref

ww,max (θ) dθ (11)

Q̇l
s,w,L = ṁFG,dry c̄

l
p,w

(
ww,max (θFG) ∆θFG −

∫ θFG

θref

ww,max (θ) dθ

)
(12)

Q̇L = Q̇g
s,w,L + Q̇l

s,w,L + Q̇v,L + Q̇g
s,A,L + Q̇g

s,G,L + Q̇g
s,FG,L (13)

Finally, the following equation yields the HPU efficiency:

ηHHV =
Q̇G,HHV − Q̇L

Q̇G,HHV

(14)
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Figure 2: Saturated water content of flue gas with areas of sensible heat extraction during condensation
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Figure 3: Measurement characteristics of methods to determine the efficiency of a HPU



4. Performance investigation of efficiency calculation methods

4.1. Measurement errors of utilized meters

The maximum permissible errors (MPE) according to international standards of meters are
shown in Table 6. Also, typical errors with respect to the values in Tables 2 and 5 and
∆θmin = 2 K are calculated. Even though all meters are labeled to fulfill the stated standard,
manufacturers indicate that the MPE typically is half of the error given in the standard. Since
most gas meters do not have a temperature compensation, an average gas temperature of 15 ◦C
is assumed. Thus an additional error of circa ±0.35 % K−1 is introduced. This error can be
calculated by means of the conversion factor z as shown in (2).
The measurement error of the aggregated condensed water volume depends on the uncertainty
of the switching distance of the capacitive proximity sensor used for counting the filling intervals
of the water collection container. The deviation of the deployed sensor has been found to be
within ±3 mm of the set distance. For a container with a base area of 0.81 m2 and a filled
volume of 0.062 m3 the error is ≤0.44 %.
Sensors for logging the FG and air temperature are PT1000 platinum resistance thermometers.
Due to the propagation of errors [23], the total error limit is increasing with the number of
meters involved in the calculation of a quantity. A HPU with n ports requires n − 1 heat
meters, meaning that the total error limit of HPUs is increasing with the number of ports.
Thus for modern heating appliances with multiple HPUs having multiple ports each, choosing
the efficiency calculation method requiring the least amount of meters reduces the MPE. As a
consequence, the combustion analysis will have the smallest MPE in most cases.

Table 6: Maximum permissible error of meters used for the efficiency calculation

Meter Standard Part MPE typical error

heat [24], class 2 flow e1 = ±
(

2 + 0.02 V̇max

V̇

)
% 2.2 %

temperature e2 = ±
(
0.5 + 3∆θmin

∆θ

)
% 0.8 %

processor e3 = ±
(
0.5 + ∆θmin

∆θ

)
% 0.6 %

total etot = e1 + e2 + e3 3.6 %

gas [25] diaphragm ±3 % for V̇
V̇max

≤ 10 % else ±1.5 % 1.5 %

cond. water - volume ±0.44 % 0.44 %
PT1000 [26], class B temperature ± (0.3 ◦C + 0.005 |θ|) 1.6 %

4.2. Accuracy

The accuracy of the methods is compared to the reference method, the measurement of the
condensed water volume. To reduce the amount of errors introduced and since it is a quite
sensitive measure, the reference quantity is the condensation mass flow. Fig 4 (a) shows a
graphical comparison during a selected period in summer, Fig 4 (b) during winter. The values
are preprocessed by a rolling mean over a window of 48 h to smooth the stepwise profiles shown
in Fig 3 (a). With support of the measures in Table 7 it can be seen that the heat and gas meter
method is far off of the reference quantity, with a a deviation of the mean values of −47 % in
summer and of −24 % in winter. In the same time, the deviation of the mean value obtained
by the combustion analysis is 3 % in summer and −2.8 % in winter. This deviation can be
partially explained by the higher gas temperature in summer, respectively lower in winter, by
use of the conversion factor (2).
Since the condensed water mass flow is related to the efficiency by (6), the deviations with
respect to the efficiency are lower. A deviation of the condensed water mass flow of −47 % f.i.
results in a reduction of ηHHV of −4.1 %. Thus all measured deviations lie within the bounds
of the MPE for a HPU with n = 3 ports.



Further statistical error measures supporting the findings of the high accuracy of the combustion
analysis are listed in Table 7, namely the mean signed deviation, the mean-normalized MSD
and the mean absolute error. Variance related measures like the RMSE or R2 are not put to use,
since the data preprocessing does not support drawing a conclusion considering the variance.
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Figure 4: Accuracy of the efficiency calculation methods during: (a) summer, (b) winter

Table 7: Accuracy: Statistical measures of deviations to the reference; mean signed deviation (MSD), normal-
ized mean signed deviation (NMSD) and mean absolute error (MAE)

Method Season mean, kg s−1 MSD, kg s−1 NMSD, % MAE, kg s−1

condensed water volume summer 1.35 · 10−3 - - -
winter 3.98 · 10−3 - - -

heat and gas meter summer 0.72 · 10−3 −6.31 · 10−4 −467.0 6.31 · 10−4

winter 3.03 · 10−3 −9.49 · 10−4 −238.8 9.49 · 10−4

combustion analysis summer 1.39 · 10−3 0.36 · 10−4 26.9 0.41 · 10−4

winter 3.87 · 10−3 −1.08 · 10−4 −27.3 1.08 · 10−4

4.3. Dynamic response

A fast dynamic response of the methods is of importance for many aspects, including f.i. the
optimization of transient processes or for gathering high resolution data for further processing as
in machine learning applications. Fig 5 depicts the dynamic response of the methods, omitting
the condensed water volume measurement due to its too low dynamic response. As reference,
the control signal of the field test’s HPU is plotted. The data has not been preprocessed and is
shown at its sampling rate of 1 min. It can be clearly seen, that the delayed response of the heat
meter, as also displayed in Fig 3 (b), causes the calculated efficiency to oscillate around the
mean, even though the HPU is in constant operation with minor fluctuations of the requested
power. The extent of the oscillations is clarified by the statistical measures listed in Table
8. The standard deviation in combination with the quartiles show that outliers prevail. In
contrast, the combustion analysis method yields results in a narrow range with a low variance.
The efficiency is, as expected, inversely correlated with the control signal. It has been found,
that the efficiency calculated with heat and gas meters has to be downsampled to at least



60 min to obtain values with an acceptable variance. Smaller HPU will need less smoothing,
larger more.

Table 8: Dynamic response: Statistical measures of the calculated efficiencies ηHHV

Method \ error measure η̄ ± σ, % min ≤ η ≤ max, % Q1 ≤ Q2 ≤ Q3, %

heat and gas meter 98.71± 0.67 94.84 ≤ η ≤ 99.45 98.69 ≤ 98.83 ≤ 98.96
combustion analysis 100.7± 82.3 19.14 ≤ η ≤ 512.2 47.87 ≤ 63.60 ≤ 128.2
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Figure 5: Dynamic response of the efficiency calculation methods and the related HPU control signal

5. Conclusion and outlook

With increasing complexity of residential energy systems, determining the efficiency of HPUs
becomes more difficult. With permissible errors of more than 3 % per heat meter, the total error
will grow rapidly for multiple HPUs, especially when each HPU has multiple return flow ports.
Since such setups are common in modern residential energy systems, using the traditional heat
and gas meter analysis will yield a low accuracy.
Thus a detailed combustion analysis was introduced in this paper. By use of long-term measure-
ment data, it has been shown that this method has a low deviation from the defined reference
method. Furthermore, it is observed, that its dynamic response is superior to that of the other
methods. Hence the efficiency calculation by combustion analysis is usable for a wide variety
of applications, such as analyzing transient processes or gathering high resolution data for ma-
chine learning tools. Additional advantages are low costs and easy retrofitting. Moreover the
error and result are independent of the number of HPUs and/or ports. However the method is
sensitive to misplacement of the flue gas temperature sensor and heat losses within the HPU.
The field test demonstrated in this paper has shown that, in contrast to general belief, an
optimization of the PHW appliance is beneficial. The return flow temperature is reduced to an
average of 16 ◦C, while increasing the storage capacity and leveling the loads. This is favorable
for utilizing many different heat sources, such as CHP or solar thermal plants.
The data and methodology presented will be used for the evaluation of multivariate linear
regression models in upcoming publications. These models will make it possible to predict the
efficiency of a HPU, even if the energy system is complex.
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Nomenclature
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cp isobaric specific heat, J kg−1 K−1

CB condensing boiler

CHP combined heat and power

e error

FG flue gas

h specific enthalpy, J kg−1

H heating value, J m−3, J kg−1

HHV higher heating value

HPU heat production unit

m mass, kg or specific mass, kg m−3

ṁ mass flow, kg s−1

MAE mean absolute error

MSD mean signed deviation

NMSD normalized mean signed devia-
tion

p pressure, Pa, N m−2

PHW potable hot water

Q quartile

Q̇ thermal power, kJ s−1, kW

t time, s

TES thermal energy storage

V volume, m3

V̇ volumetric flow, m3 s−1

w water content, kgwkg−1

z conversion factor

Subscripts and superscripts

A Air

cold flue gas after cooling

dry dry

ff forward flow

FG Flue gas

g gaseous

G gas

hm heat meter

hot flue gas before cooling

HHV higher heating value

HT high temperature

l liquid

L loss

LHV lower heating value

LT low temperature

N standard conditions

PHW potable hot water

rc recirculation

ref reference condition

rf return flow

s sensible heat

sh space heating

tot total

v latent heat

w water, wet

Greek symbols

∆ difference

η efficiency

θ temperature, ◦C

λ air-fuel-ratio

ρ density, kg m−3

σ standard deviation

φ composition

ϕ relative humidity, %
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