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Abstract. In the context of the much-needed energy transition, monitoring of residential
energy appliances is more and more common in order to evaluate (and improve) their field-test
performance in real applications. Many residential heating appliances use natural gas as energy
source : residential gas boilers, gas engine heat pumps, gas absorption heat pumps; fuel cell-
based cogeneration units, internal combustion engine cogeneration units, efc. Unfortunately,
for simplicity and costs reasons, only the volume of the consumed natural is measured at the
inlet of the monitored residential heating appliance. This volume, and the equivalent energy
level that it contains and that is required for efficiency calculations, is affected by the
atmospheric pressure and the temperature at the field-test site, as well as by the always varying
natural gas composition. This paper demonstrates the method that has been used in Belgian
field-test studies conducted on residential heating appliances to establish the energy content of
the consumed natural gas.

1. Introduction

Targets of temperature increase compared to pre-industrial levels have scientifically been linked to
remaining carbon budgets of future Greenhouse Gases (GHG) emissions allowed for all humanity [1].
Actually, in its Sixth Assessment Report (ARG6) released in early 2022, Intergovernmental Panel on
Climate Change’s Working Group Il (IPCC WGIII) has reported that if humanity does not exceed
890 GtCO; of emissions from January 1st 2020, it will have 2 out of 3 chances of not exceeding the
+2°C maximum limit set in the ‘Paris Agreement’ back in 2015 [2]. Mitigating GHG emissions is
generally associated to the ‘low carbon transition’ [3], i.e. to the ‘energy transition’.

Beside lowering the energy demand, i.e. the ‘energy sobriety principle’ [4], and increasing
territorial carbon absorption [5], it is usually considered that one main pillar of the much-needed
energy transition lies in the ‘energy efficiency’ [4]. Efficiency is always crucial at all levels, both in
case of fossil fuel and renewable energy use. For heating appliances at residential scale, energy
efficiency establishment and enhancement often require field-test monitoring of energy consumptions.
Although the electrical consumption of electrical appliances (such as electrical heat pumps) is quite
trivially measured and monitored (an example of electrical energy meter has been shown in figure 1),
the energy consumption of gas-fed appliances is not that easily established.

Indeed, as the energy content of natural gas depends on its varying chemical composition (which
requires specific and expensive laboratory hardware, such as chromatographs), it is unrealistic to
measure (continuously) it at every residential monitoring field-test sites.
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Therefore, in most applications, the only sensor placed on residential gas inlet pipe is a simple
diaphragm gas volume meter (such as the one shown in figure 2), which can also serve as a base for
billing purposes.

= Dy
BK.GAT 04085000
2 0

Figure 1. Example of residential Figure 2. Example of residential gas
field-test electrical energy meter (volume) consumption meter (‘BKG4-T’
(‘MT174’ by Iskraemeco) by Elster)

Gas consumed volume is converted into energy content either thanks to the gas High Heating
Value (HHV), usually used when water vapour contained in the gas is able (or should be able) to
condense, or thanks to the Low Heating Value (LHV). Nowadays, most applications use the HHV as
reference because gas appliances technologies have been improved to recover the latent energy in the
gas water vapour.

As it will be seen the following section, HHV are measured (by the gas provider) and provided in
‘reference conditions’ of pressure and temperature. Those figures are usually available freely on the
local gas provider website (or they also can usually be requested over emails). Unfortunately, the
‘reference conditions’ of temperature and pression are not the ones that occur at the field-test delivery
sites. Therefore, the conversion of the field-test measured gas volume into energy content thanks to the
HHV (provided by the gas provider) is not trivial and requires to establish some conversion factors.
The aim of this paper is to report a documented method for this to be performed.

It is worth mentioning that, with the upcoming of ‘power to gas’ technologies (such as
biomethanation) [6] or biomethanization [7], the method described in this paper is not only relevant
with conventional (fossil) natural gas appliances, but also with biogas (renewable) appliances.

This exact method has been used for several field-test monitoring studies, on several gas-fed
residential space heating appliances, such as Solid Oxide Fuel Cells (SOFC) [8], Proton Exchange
Membrane Fuel Cells [9-11] or absorption heat pumps [12].

2. Establishing the HHYV of the consumed gas at the field-test delivery conditions

As stated, HHV are established by the gas provider from regular samples on the high or medium-
pressure pipes (and not on the low-pressure pipes at the delivery points of the field-test studies). They
usually are performing this hourly according to the composition of the gas (usually measured thanks to
a chromatograph) and their combustion enthalpy at 25 °C and 1 atm [13]. The volume of the gas
mixture sample from high or medium-pressure pipes is measured as well by the gas provider and
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converted to a “normalized” volume at 0 °C and 1 atm (reference conditions) according to equation
(1), which corresponds to the real gases equation of state [14]:

P, Ty Zy
Vy=Vy =28 1

Where Vy is the normalized volume at 0 °C, i.e. 273.15 K (Ty) and 1 atm, i.e. 101325 Pa (Py), V3
is the measured volume of the gas sample whose composition is established thanks to a chromatograph
at T; and P, (also measured on the high or medium-pressure pipes by the gas provider). Zy and Z; are
the compressibility factors of the natural gas mixture and can also be established according to the
composition, the temperature (either Ty or T;, explained above) and the pressure (either Py or P;,
explained above) [15]. Similarly, the method of establishing the compressibility factor of natural gas
mixtures can be applied according to other inputs (such as the density) and is well documented as the
SGERG-88 method [16].

Therefore, the HHV are provided in ‘references conditions’ for the ‘metered volume’ (Ty and Py),
but the reference for the combustion is different (25 °C, i.e. 298.15 K, from here onwards called T, ¢
and Py). However, those are different from the delivery conditions so a relation similar to equation (1)
must be implemented to convert the monitored gas volume Vj; adequately according to the HHV
references conditions. So, one obtains Vv :

Pp Ty Zn

2N 2
Py Tp Zp @

Vun =Vu

Where Pp, Tp and Z are respectively the pressure, temperature and compressibility factors at the
delivery point of the field-test study, which are unfortunately not measured.

Nevertheless, delivery temperature T can usually be assumed at 15 °C, i.e. 288.15 K, because gas
meter used in field-test studies are often said to ensure temperature compensation via ‘a bimetallic
element’, which is the case for the ‘BK-G4T’ shown in figure 2 [17]. Indeed, the error curve for
similar uncompensated meters (called ‘BK-G4’) is supposed to be null at 15 °C, which can be
therefore considered as their metering reference. Thanks to temperature compensation, the accuracy
range of the sensor can be extended from -10 °C to 40 °C and since the only additional feature is the
“bimetallic element” for temperature compensation, the 15 °C reference is assumed to remain. This
means that the field-test volume given by the gas meter, whatever the temperature changes between -
10 °C and 40 °C, is the same as if the temperature had stayed constantly to 15 °C.

Unfortunately, pressure is usually not compensated in any way with conventional gas meters and
since it is not measured in the low-pressure pipes at the field-test monitoring sites (as opposed to the
high or medium-pressure pipes where the HHV are established), assumptions must be made. The
delivery pressure Pj is affected by the barometric pressure at sea level (meteorologic variable), by the
altitude of the delivery point and of course by the main gas distribution pressure regulator setting (and
its well-known imperfections such as boost and droop [18]). This pressure regulator aims to control
the operational pressure and flow of the gas [19]. It is placed upstream of the gas meter (mostly for
metering accuracy [20]). In most countries (such as in Belgium), it is used to reduce the pressure from
the high or medium-pressure gas distribution pipes to 21 mbar to meet the requirements of residential
standard gas appliances [21] (and this pressure requirement is also specified in official industrials
standards [22]). However, in Belgium, natural gas comes from different sources, which implies
different gas compositions and different HHV, which leads to the appellations ‘lean’ and ‘rich’ gas,
respectively for the natural gas source providing the lower and the higher HHV [23].

Lean gas, also called ‘type L’ gas, is supposed to be progressively replaced (in Belgium) by 2030
by rich gas, also called ‘type H’ gas [24]. The existence of lean gas on part of the Belgian market
subsequently lead to some changes in the recommended pressure regulator setting (25 mbar instead of
the usual 21 mbar for ‘type H’ gas) [25].

Barometric pressures at sea level Py, constitute data that can easily and freely be gathered. For
example, in Belgium, it is measured in Uccle and provided hourly by the Royal Meteorological
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Institute of Belgium (RMI). Uccle, near Brussels, is considered as the reference climatology Belgian
station [26].

Altitude of the monitoring field-test sites can also be gathered easily. For example, in Belgium, it
can be established based on the coordinates of the field-test sites thanks to the CalcMaps website
(www.calcmaps.com/fr/map-elevation/).

The relationship between altitude h (m) and its corresponding atmospheric pressure P, (Pa) can be
established thanks to equation (3) [27] :

5.2561
P, =P, (1 - 0.0065—) 3)
To

Where P, and T are defined as the International Standard Atmosphere (ISA) conditions at Mean
Sea Level (MSL) [28]. For information, T is equal to Tp, i.e. 288.15 K whereas P, is equal to Py, i.e.
101325 Pa.

Thanks to the actual RMI barometric pressure data at sea level Py (Pa), thanks to the actual
external temperature monitored onsite Ty, (K) and knowing that temperature decreases with altitude at
constant rate of -6.5 K per km up to the tropopause according to ISA assumptions [29], one can
replace P, and T, in equation (3) to achieve better accuracy for modelling the onsite atmospheric
pressure Py )y (Pa). One thus obtains equation (4):

5.2561

h
Poy = P [ 1—0.0065 ————— (4)

Ty + 6.5—1000

Pressure at the delivery point Pp is thus equal to the onsite modelled atmospheric pressure P y
additioned to the pressure regulator setting B¢ :

PD=Ph,M+ Preg (5)

Where, in Belgium, B..4 is equal to 21 mbar for ‘type H* gas or to 25 mbar for ‘type L’ gas, as
explained. Since the actual pressure regulator devices of the field-test are not known, their potential
imprecision (such as the well-known boost and droop [18]) can only be neglected.

The compressibility factors at the delivery conditions Zj, and in reference conditions Z, cannot be
established based upon the available data stated above (the gas provider does not usually disclose the
composition of the gas nor its density in order to be able to implement the SGERG88 model [16]). It is
worth mentioning that the SGERG88 model is considered as too complex to be solutioned by hand so,
even if the relevant data were available, one would still need the proprietary software to run it.

However, even if Zy has not been provided, one can assume that it has been established by the gas
provider in reference conditions Ty and Py. Similarly, Z, would have been calculated at the assumed
temperature Tj, and pressure Pp, (that have been previously established). Fortunately, equation (2) only
requires the ratio of the compressibility factors and not their absolute values, and this ratio can be
estimated thanks to acknowledge relevant conversion factors [30] :

Z o
—Yelatm _ 0.9996 (6)

ZlS°C,1atm

Equation (6) assumes a reference composition of the natural gas mixture (surely different from the

real one). By assuming that the real composition of the natural gas used in the field-test sites during

the whole study would only affect the absolute value of the compressibility factor and not its ratio over

a given (small) temperature range, by assuming that the slight pressure difference between P and 1

atm, i.e. the reference pressure of equation (6), does not affect the ratio of compressibility factors over
the given temperature range either, one obtains equation (7):
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Z Zgo
N = Z0m — 0.9996 (7)
ZD ZlS"C,latm

Provided that the gas provider has measured the HHV in ‘reference conditions’ hourly as it is
generally the case, equation (2) can thus be fully implemented and the equivalent HHV energy

contained in the consumed gas Qyyy for a given duration of n hours is defined by equation (8):

i=n
Qunv = Z O(VM,Ni X HHVi) (®)
=

Where i is the index associated one single hour included in the studied given duration of n hours,
HHYV; is the HHV established by the gas provider in references conditions (T and Py) for the hour i,
and Vyy y, is the monitored gas volume consumed over the hour i, adjusted to the references conditions
(Ty and Py) thanks to equation (2) and its subsequent assumptions.

It is worth mentioning that the reference temperature of combustion T - used in the definition of
the HHV, i.e. 25 °C, has not been altered or converted in any way. This means consumed gas HHV
energy Ag 4 and the resulting efficiencies that can be subsequently calculated shall normally highlight
the reference temperature of combustion for HHV establishment, and that is not often the case. Indeed,
for example, considering that the combustion of a reference natural gas mixture occurs at 0 °C instead
of 25 °C (at 1 atm in both cases) would increase the HHV value by a factor 1.0026 [30], which is
small but not that unsignificant.

3. Discussions and conclusions

For space heating combustion appliances, keeping the reference temperature at 25 °C, slightly
above air comfort temperature and therefore the return temperature to the space heating appliance,
seems relevant. However, in practice, the combustion reactants are not heated up to the reference
temperature of combustion of 25 °C by thermal exchange with ambiance upstream of the appliance.
For example, the natural gas mixture had flowed a significant amount of time in the ground gas
network and its resulting temperature before entering the heating system often cannot reasonably be
assumed over 15 °C. Same kind of assumptions can be made on the incoming air also required as
reactant for any combustion to take place (or combustion-like reactions, such as in residential fuel
cells).

Therefore, even with a perfect heating system and combustion, the HHV efficiency could never
reach 100% as some energy from the combustion is drawn to heat up the reactants from their actual
delivery temperature (not measured) to the fictive reference combustion temperature (25 °C). Thus,
the resulting HHV efficiency (specifying the reference temperature of combustion) is not more that the
best reproduceable indicator that could be thought of and remains a partially biased image of the real
achievable efficiency of the system.

Alternatively, considering a reference temperature of combustion closer to the one of the reactants
(for example, 15 °C) is not preferable because this time, some energy from the combustion would
similarly be required to heat up the products of the combustion. Indeed, it is not reasonable to consider
that the combustion products can exhaust the system at a temperature below a realistic comfort air
temperature or even below usual space heating return temperatures (which can be assumed, at no less
than 25 °C for low temperature terminal units).

Despite this clarification on the HHV definition, the impact of reducing the calorific value by
considering the heating up of the reactant on a temperature range such as 10 K remains very low
(compared to monitoring measurement uncertainties that, for instance, can reach about 5% with usual
Class 2 heat meters [31], required to monitor the heat rate produced by the space heat appliance). This
can be demonstrated thanks to the CoolProp open-source library (www.coolprop.org) in the following
example :
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e By considering natural gas as pure methane at 1 atm, the energy required to elevate its
temperature from 15 °C to 25 °C is 22.2 kl/kg;

e  On the other hand, considering an arbitrary based HHV of 11 kWh/Nm? used only for the sake
of this example (in reference conditions, 1 atm and 0 °C) accounts for about 55.2 MJ/kg (in
the same reference conditions, for the same assumed reactant);

e Therefore, it could be considered that the energy required to elevate the temperature of the
fuel reduces its reference HHV of about 0.04 %.

e Considering that air, assimilated as a mixture of 21% of oxygen and 79% of nitrogen, also has
to be heated from 15 °C to 25 °C (at 1 atm); considering a complete stochiometric reaction for
the combustion of methane with that air, would require an additional energy taken out of the
reference HHV of 48.3 kJ per kg of methane.

e Therefore, it could be considered that the energy required to elevate the temperature of the air
reduce the reference HHV of about 0.087 %.

Thus, the total reduction impact of heating up the reactants on the reference HHV approaches
0.13%. This is without considering a combustion in excess of air, which is usually the case for gas
condensing boilers (in the 1.05 — 1.4 excess of air range) as an optimum choice between thermal
efficiency and Nitrogen Oxides (NOx) emissions has to be made [32]. Indeed, increasing excess of air
is known to lessen the flame temperature, and therefore the NOx emissions [33], but also the
efficiency, by reducing the sensible heat transfer [32]. It is worth mentioning that excess of air also
lessens thermal efficiency by reducing the latent heat recovery [32], as it dilutes water vapor contained
in the flue gases (lower specific humidity and therefore lower dewpoint to achieve with the latent heat
recovery heat exchanger of the gas condensing boiler).

Considering excess of air would even increase the HHV reduction impact (up to about 0.16 % for
the worst 1.4 excess of air assumption).
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