
 1 

Energy efficiency and carbon footprint of home pasta cooking 1 

appliances  2 

Alessio Cimini, Mauro Moresi
*
 3 

Department for Innovation in the Biological, Agrofood and Forestry Systems, 4 

University of Tuscia, Via S. C. de Lellis, 01100 Viterbo, Italy                                                                           5 

 6 

 7 

* To whom all correspondence should be addressed.  8 

 Tel. n°: +39-0761-357497;  9 

fax n°: +39-0761-357498;  10 

e-mail: mmoresi@unitus.it 11 

 12 

13 

mailto:mmoresi@unitus.it


 2 

Abstract 14 

The energy efficiency (C), carbon footprint (CF) and operating costs (CC) of 15 

home dried pasta cooking were assessed. In particular, C for the electric hot-plate 16 

(463 %), induction (335 %), or LPG (304 %) hob was found to be definitively 17 

smaller than the minimum energy efficiency performance requirements for EU domestic 18 

hobs. Pans of different size, but with the same high thermal diffusivity, had a negligible 19 

effect on C at the probability level of 0.05. By covering the pan with its lid and setting 20 

the power rate of each cooking appliance initially to the maximum level to make the 21 

cooking water boil faster, and then to the minimum one to keep almost constant the 22 

cooking water temperature and allow starch granule gelatinization, GHG emissions 23 

reduced by 81, 73, or 86% with respect to those released with the LPG, electric, or 24 

induction hob adjusted at the maximum power setting, respectively. Such a cooking 25 

practice applied to the induction hob allowed CF and CC to be minimized to 0.67 kg 26 

CO2e and €0.47 per kg of pasta cooked. The resulting energy saving amounted to 31 or 27 

18% of the energy consumed under the same procedure by the LPG or electric cooker, 28 

respectively. Such a cooking system in conjunction with the aforementioned practice 29 

might represent an eco-friendly solution to limit the environmental impact of dried pasta 30 

consumption.  31 

 32 

Key words:  Carbon footprint; domestic gas and electric hobs; pasta cooking 33 

energy efficiency; energy consumption; pasta cooking operating costs. 34 

35 
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1. Introduction 36 

Food cooking is not only one of the most basic transformation processes of food 37 

industries, but additionally is a daily human activity. The energy consumed to cook a 38 

plate of pasta or brew a pot of coffee may represent the prevailing part of the energy 39 

consumed during the whole product life cycle (Carlsson-Kanyama and Boström-40 

Carlsson, 2001; Xu et al., 2015), this making their use phase the most significant 41 

hotspot in terms of greenhouse gas (GHG) emissions.  42 

As concerning the use phase of durum wheat semolina dried pasta, its cooking 43 

requires about 10 L of water per each kg (Barilla, 2009) with GHG emissions as high as 44 

760 or 1,600 g of carbon dioxide equivalent (CO2e) depending on the use of a gas or 45 

electric hob (Barilla, 2009), whereas the overall GHGs emitted to produce one kg of 46 

durum wheat semolina dried pasta, packed in paperboard box in Italy, amounted to 47 

about 947 g CO2e kg
-1 

(Barilla, 2009), this including the GHG emissions released during 48 

durum wheat cultivation (557 g CO2e kg
-1

). Thus, pasta cooking would have a 49 

significantly greater contribution than the field phase, representing as high as the 44.5 or 50 

62.8% of the cradle-to grave carbon footprint of dried pasta, respectively (Barilla, 51 

2009). Despite quite similar data were reported by other Environmental Product 52 

Declarations (EDP
®
) by Barilla (2013), De Cecco (2011), Lantmännen (2011), and 53 

Misko (2013), quite lower carbon footprint scores of about 105 or 480 g CO2e kg
-1 

were 54 

reported by Notarnicola and Nicoletti (2001) or Cerere (2014), respectively. Thus, the 55 

GHGs emitted during pasta cooking need to be more accurately assessed. In fact, by 56 

referring to the overall Italian consumption of dry pasta (1.5 million Mg/yr), just a 10% 57 

reduction in the GHGs emitted during pasta cooking only would results in savings of 58 

about 114 or 240 Gg of CO2e/yr by far greater than the GHG emissions (8 Gg CO2e/yr) 59 
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associated to the disposal of fruit and vegetable wastes in the selling points, as estimated 60 

by the Italian Ministry of Agriculture. 61 

Food cooking methods have been established by several factors, such as cooking 62 

system prices, consumer nutritional needs and preferences in terms of cooked food taste, 63 

smell and texture, as well as its culture and ethics. Consumer behavior may even double 64 

(DeMerchant, 1997) or triple (Oliveira et al., 2012) the food cooking energy 65 

consumption, especially if the most basic energy saving practices are ignored. The use 66 

of a lid on a pot filled with water at the boiling point might cut energy requirements by 67 

one-eighth by limiting water evaporation (Newborough and Probert, 1987). Also, the 68 

cooking efficiency tends to increase with the volume of water in the pan or pan size 69 

(Hager and Morawicki, 2013; Newborough and Probert, 1987; Oberascher et al., 2011). 70 

Finally, the so-called passive cooking (i.e., the cooking of a product to a certain extent 71 

so as to complete its cooking by resorting to the residual heat only) lowers energy 72 

requirements, even if this procedure generally lengthens the product cooking time 73 

(Amann et al., 2007), and sometimes the quality of cooked foods.  74 

The promotion of more energy-efficient stoves and cookware sets might usefully 75 

contribute to mitigate GHG emissions (Bhattacharya & Salam, 2002; Karunanithy and 76 

Shafer, 2016). Also, the energy carrier affects the amount of GHGs released. In fact, 77 

solid fuels (i.e., firewood, charcoal, coal) give rise to by far greater total GHG emissions 78 

per unit energy supplied than liquid (e.g., kerosene, heating oil) or gaseous (liquefied 79 

petroleum gas, LPG, natural gas, biogas) fuels (Hager and Morawicki, 2013).  80 

In the USA and Europe, the great majority of cooking appliances are of the 81 

electric type, followed by natural gas appliances (Hager and Morawicki, 2013; 82 

Karunanithy and Shafer, 2016). On the contrary, in Italy the most common kitchen 83 
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stove consists of four hobs, mainly powered by natural gas or LPG (Anon., 2016a). The 84 

electric or induction hobs are currently less used mainly because their simultaneous run 85 

with other home electric appliances results in a greater electricity demand, this shifting 86 

the configuration of the power purchasing contract from a normal 1.5- to 3.0-, 4.5- or 87 

6.0-kW power supply. 88 

Since the GHG emissions associated to the cooking phase of durum wheat 89 

semolina dried pasta appear to be not only very high, but also largely variable, the main 90 

aim of this work was to adapt the basic water boiling test (Global Alliance for Clean 91 

Cookstoves, 2014) to measure experimentally the energy requirements to cook dried 92 

pasta using three typical home hobs and three pans of different diameters so as to 93 

estimate the corresponding GHG emissions and operating costs, as well as to identify an 94 

optimal cooking procedure to minimize the carbon footprint of dried pasta cooking. 95 

96 
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2. Materials and Methods  97 

2.1. Raw Materials  98 

A commercial slightly ribbed short-cut extruded pasta, labeled “Elicoidali” no. 47 99 

and manufactured by Coop Italy (Casalecchio di Reno, BO, Italy) in 1 kg-packs, was 100 

used, as specified in the electronic supplement (Fig. S1a). It was made of durum wheat 101 

semolina, had the composition reported in parentheses (moisture: <12.5% w/w; raw 102 

protein: 12.5% w/w; total carbohydrates: 70.9% w/w; fat: 1.5% w/w; total fiber: 3% 103 

w/w), a specific energy content of 14.97 MJ kg
-1

, and a set time of 11 min. The AACC 104 

Method 66-50.01 (AACC International, 1999) was used to assess the optimal pasta 105 

cooking time, this corresponding to the time at which the central white annular portion 106 

(i.e., non-gelatinized starch) of any ribbed tube disappeared. During the pasta cooking 107 

process, some pieces of pasta were collected at different cooking times and immediately 108 

halved to detect the presence of the central white annular portion. When such a circular 109 

segment was just barely visible, the cooking process was regarded as completed, and the 110 

resulting pasta was defined as cooked “al dente”, that is tender, but still firm to the bite.  111 

 112 

2.2 Equipment and experimental procedure 113 

Pasta cooking was carried out using three pans of different diameter and capacity 114 

(model Oumbärlig, Inter IKEA Systems B.V. 1999 - 2014, Sweden), made of magnetic 115 

stainless steel with a thick base consisting of one layer of aluminum between two layers 116 

of magnetic stainless steel. Their main characteristics are given in Table 1. Each lid was 117 

drilled to lodge a thermocouple so as to measure the cooking water temperature (TWM) 118 

along the pan axis at mid-height of water level throughout each cooking test. Any test 119 

was started by setting a pan, pre-thermo-stated at (201) °C, over the cooking system of 120 
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choice. The latter was placed on a digital scale of the series PCE-BSH 10000 (CE Italy 121 

srl, Capannori, LU, Italy) with a load range of 0.6 g-10 kg, and a reading accuracy of 122 

0.2 g, this resulting in a percentage error of 0.2% on a 100-g mass reading.  123 

Firstly, the pan was filled with (1.50±0.01) kg of de-ionized water at (20±1) °C 124 

and closed with its lid. As the heating process was started, the cooking time and water 125 

temperature were automatically recorded. At the water temperature of about 98.5 °C, 126 

the lid was removed, and (14.0±0.1) g of kitchen salt, and (125.0±0.5) g of dried pasta, 127 

both at (20±1) °C, were added to the cooking water.  128 

Throughout all tests, the pasta cooking phase was carried out without a lid till the 129 

optimal cooking time, except for the final tests. 130 

In this work, the following stoves were used: 131 

1)  A 2.2-kW camping stove (Campingaz Camp Bistrò, Camping Gaz Italia srl, 132 

Lonato del Garda, BS, Italy), fed with a 220-g LPG cylinder.  133 

2)  Two 1.5-kW electric 180-mm (Severin KP 1091, Elektrogeräte GmbH, Sundern, 134 

Germany) and 0.625-kW electric 145-mm (Heidolph MR 3001, Schwabach, 135 

Germany) hot-plate stoves, both equipped with a maximum plate temperature 136 

control. They were labeled electric hob A and B, respectively. 137 

3)  A 2-kW 190-mm induction-plate stove (Melchioni INDU, Melchioni Spa, Milan, 138 

Italy), equipped with a plate temperature control in the range of 60-240 °C. 139 

During each pasta cooking test using either the electric or induction hob, the 140 

electric energy consumption, expressed in kWh, was monitored via a multifunction 141 

digital multimeter R571 (Colemeter, Sheung Wan, Hong Kong). By comparing its 142 

measurements when using the electric hob B or induction hob to those obtained with a 143 

more accurate power meter type RCE MP600 (RCE Srl, Salerno, Italy), characterized 144 
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by an accuracy of ±1.0% when measuring power in the range of 0.4-3,999 W, it was 145 

possible to detect an average percentage error and standard deviation of 7 and 2 %, 146 

respectively.  147 

Finally, the mass of water evaporated during each pasta cooking trial was 148 

determined as the difference between the initial and final masses of the pan filled with 149 

water, kitchen salt and dried pasta using the same technical balance mentioned above. 150 

Temperatures were acquired with a custom made data logger based on an Arduino 151 

Nano 3.0 (ATmega328) board, equipped with the following hardware: 152 

-  Two temperature sensors type DS18B20 (Maxim Integrated Products, San Jose, 153 

California, USA) were used to acquire the instantaneous temperatures of cooking 154 

water and ambient air. Both sensors had a measured resolution of 0.1±0.7 °C in 155 

the range of 17 to 100 °C, as detected using a digital K-type thermocouple probe 156 

connected to a professional temperature data logger Testo type 175 T3 (Testo 157 

SpA, Settimo Milanese, MI, Italy) having an accuracy of ±0.5 or ±0.7 °C in the 158 

range of -50 to +70 °C or 70 to 1000 °C, respectively. 159 

-  A piezo-buzzer to signal when the water temperature had reached 98.5 °C. 160 

-  An infrared thermometer designed for non-contact temperature sensing 161 

(MELEXIS MLX90614ESF-BAA-000-TU-ND, Melexis NV, Sint Krispijnstraat 162 

z/n, B-8900 Ieper, Belgium) with a standard accuracy of 0.5 °C to determine the 163 

pan wall and hot-plate temperatures. Owing to the low emissivity of the polished 164 

steel pan wall, a small section of the pan wall surface facing the IR sensor was 165 

covered with an electrical, insulating black tape strip (having an emissivity of 166 

0.97: http://www.infrared-thermography.com/material-1.htm). The IR 167 

thermometer was shielded using a stainless steel funnel-like truncated conical 168 

http://www.infrared-thermography.com/material-1.htm
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portion to prevent heat damage, and then mounted on a rigid support at about 1-169 

cm distance from the pan wall and three different pan heights. Its accuracy was 170 

checked using the aforementioned data logger Testo type 175. More specifically, 171 

the K-type thermocouple probe was submerged in the water filling the pan and 172 

located as near as possible to the internal side of the black-taped pan-wall section 173 

under measurement. The water temperature was step-wisely increased to allow the 174 

pan temperature to reach a practically stable value. The average difference 175 

between the temperatures measured using such probes was -0.2±0.9 °C in the 176 

range of 17 to 100 °C. 177 

-  a 4x20 characters LCD Display to show on-screen real-time information. 178 

All data were acquired by the Arduino program, transmitted to a personal 179 

computer via a USB connection, and then transferred to an Excel spreadsheet using a 180 

freeware software Parallax Software Data Acquisition tool (PLX-DAQ, 181 

https://www.parallax.com/downloads/plx-daq).   182 

A photo of one of the cooking systems used in this work is reported in the 183 

electronic supplement (Fig. S2). It shows the induction hob with lidded pan A 184 

positioned over the digital scale, the multimeter, and Arduino board connected to a PC 185 

via a USB cable to monitor the process parameters. 186 

To minimize the pasta cooking energy consumption, three final tests were carried 187 

out using the pan A and each of the aforementioned hobs. Firstly, the pan was closed 188 

with the lid to limit water evaporation; then, the control knob of each hob was regulated 189 

to the maximum setting to bring as quickly as possible the cooking water to the boiling 190 

point. Secondly, once the kitchen salt and dried pasta were added to the boiling water 191 

and the latter restarted to boil, the lid was newly closed to minimize water vapor loss, 192 
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and the control knob of each stove was adjusted to the minimum setting to keep the 193 

cooking temperature around 98 °C. 194 

 195 

2.3 Energy efficiency evaluation method 196 

Fig. 1 shows the block diagram used to represent the entire input and output 197 

energy flow in each cooking system. In particular, it visualizes the energy effectively 198 

consumed (Econs) in the cooking conditions selected, the energy theoretically consumed 199 

to cook pasta (Eth), as well as all the energy losses to the outside environment, such as 200 

the energy dissipated by radiation (Erad), convection and conduction from the pan and 201 

heating source (Ecc), and heat of water evaporation (Evap). Instead of modeling all 202 

energy losses, the only percentage energy efficiency (C) of each pasta cooking system 203 

examined was estimated as the ratio between the instantaneous values of Eth and Econs: 204 

C = Eth(t) /Econs(t) x 100         (1) 205 

with  206 

Eth(t) = qsW (t) + qsP (t) + qss (t) + qsPA(t)  + qgel      (2) 207 

qsW (t) = cpW mW0 [TWM(t)  - TW0]        (3) 208 

qsP (t) = cpP mP [TWM(t)  - TP0]        (4) 209 

qss (t) = cps ms [TWM(t)  - Ts0]         (5) 210 

qsPA (t) = cpPA mPA [TWM(t)  - TPA0]        (6) 211 

qgelmPA xS Hgel          (7) 212 

where qsW(t), qsP(t), qss(t), and qsPA(t) are the instantaneous energies required to raise the 213 

cooking water, pan, kitchen salt and dried pasta, respectively, from the initial 214 

temperature (Ti0) to the instantaneous water temperature at mid-height [TWM(t)], this 215 

ranging from TW0 to the boiling point; whereas qgel is the heat of wheat starch 216 
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gelatinization, the enthalpy of starch gelatinization (ΔHgel) being extracted from 217 

Ratnayake et al. (2009). All other symbols are listed in the Nomenclature section, while 218 

all the parameters used to calculate the cooking energy efficiency for the cooking 219 

systems under study were listed in Table 2. 220 

To estimate Eth, it was assumed that the temperature of the pan at its mid-height 221 

practically coincided with that of the cooking water (TWM) throughout the cooking 222 

process independently of the heat source (i.e., LPG flame, electric hob or induction 223 

plate) used. This was corroborated by monitoring the time course of the temperatures of 224 

the pan wall at 0.5 cm above its bottom (TPWB), mid-height (TPWM), and 0.5-cm below 225 

its top (TPWT), and those of cooking water along the pan axis at 0.5 cm above the pan 226 

bottom (TWB) and below the water top level (TWT), and at the pan mid-height (TWM). 227 

These data are presented in the electronic supplement (Fig. S3).  228 

When using the gas burner, the instantaneous energy consumed Econs(t) was 229 

assumed as coinciding with the heat released by the complete combustion of LPG with 230 

oxygen under standard conditions: 231 

Econs(t)= mLPG(t) LHV         (8) 232 

where mLPG(t) is the instantaneous mass of LPG fuel consumed, as indirectly 233 

determined by measuring the instantaneous mass of the LPG cylinder using the 234 

technical scale mentioned above, while LHV is the lower heating value for LPG fuel.  235 

In accordance with ADEME (2007), LHV was assumed as 46 kJ g
-1

 (Table 2). Any test 236 

was performed using fresh LPG cylinders to prevent the effluent gas flow from varying 237 

with the remaining LPG level in the cylinder itself. To this end, several blank tests were 238 

carried by setting the gas control knob at the maximum, 1/3 or minimum level so as to 239 

measure the mass of the LPG cylinder as a function of time, and thus estimate mLPG(t) 240 
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and Econs(t). During any pasta cooking test, the mass of LPG fuel consumed was 241 

assessed as the difference between the initial and final masses of the LPG cylinder used, 242 

and Econs(t) predicted as follows: 243 

 t)
t

LHV m
( (t)E

C

LPGLPG
comb           ( 9) 244 

where tC is the overall cooking time.  245 

When using the electric hot-plate hobs, Econs(t) was monitored using the 246 

aforementioned multimeter and assumed to vary linearly with time (t) in accordance 247 

with Joule’s first law: 248 

Econs(t) = R I
2
 t            (10) 249 

where R is the electric resistance of the plate, and I the electric current. Such a linear 250 

relationship was also assumed to reconstruct the time course of Econs when using the 251 

induction hob.   252 

 253 

2.4 Statistical analysis of data  254 

All pasta cooking tests were replicated from 1 to 3 times to assess the average 255 

values and standard deviations of a series of dependent variables, such as the masses of 256 

LPG consumed and water evaporated; temperatures of the cooking water and pan wall 257 

at different positions, and hot-plate; and electric energy consumption. Data were 258 

analyzed by Tukey test at a significance level of 0.05. 259 

260 
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4. Results and Discussion   261 

4.1 Assessment of the optimal pasta cooking time  262 

During pasta cooking some pieces of pasta were collected and promptly halved to 263 

detect the presence of the central white annular portion. Its progressive disappearance 264 

after a cooking time of 8, 10, 11, 12 and min is shown in the electronic supplement (Fig. 265 

S1c-f). At the nominal set time of 11 min, the white central segment was only just 266 

noticeable  (Fig. S1e), and the pasta was retained as cooked “al dente”. After a cooking 267 

time of 12 min, the pasta sample became overcooked (Fig. S1f). Thereafter, the pasta 268 

cooking phase in all the following tests was set to 11 min. 269 

 270 

4.2 LPG hob  271 

A series of water heating tests, performed by setting the gas control knob (CK) to 272 

the maximum, (1/3), and minimum levels, allowed the heat generated by LPG 273 

combustion (Ecomb) to be linearly related to time (t), as shown by the data presented in 274 

the electronic supplement (Fig. S4). By using the least squares method, it was possible 275 

to fit Econs-vs.t via the least squares regressions listed in Table 3 – see Eq.s (11)-(13). In 276 

this way, it was possible to resort to Eq. (9) to estimate the overall energy consumed 277 

during the pasta cooking tests. 278 

Fig. 2 shows the time course of the cooking water temperature at mid-height 279 

(TWM), energy theoretically (Eth) and effectively (Econs) consumed, and cooking energy 280 

efficiency (C) when using pan A and adjusting the gas control knob to the maximum or 281 

(1/3) setting throughout all testing. These operations resulted in a specific power supply 282 

of 151 or 111 kW per kg of dried pasta, respectively.  More specifically, since the 283 

cooking water was generally heated from 20 to about 100 °C, Eth amounted to about 577 284 
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kJ. This resulted in quite a low cooking energy efficiency of (24±3) % or (32±1) %, 285 

respectively (Table 4). The lower efficiency of the cooking system operating at the 286 

maximum setting undoubtedly derived from the fact that the energy supplied was by far 287 

greater than that needed for the pasta cooking process. Throughout the water heating 288 

phase, the energy efficiency (C,H) was plausibly high in the range of 54-65 %. 289 

Independently of the power supplied, there was no statistically significant difference in 290 

both the overall mass of water evaporated and tC at the probability level of 0.05 (Table 291 

4). This founding also corroborated our assumption of performing the cooking water 292 

heating phase with the pan unlidded.   293 

 294 

4.2 Electric hot plate 295 

Fig. 3a shows the typical trend of the energy supplied by the electric hot-plate hob 296 

set at the maximum power of 1.5 kW during the pasta cooking process using pan A. As 297 

the plate temperature reached the maximum allowable temperature of ca. 242 °C (see 298 

Fig. S3b in the electronic supplement), the energy supplied was automatically limited.  299 

The instantaneous Econs(t) values were then correlated to t by using the least squares 300 

method, as shown by Eq.s (16) and (17) in Table 3. 301 

Fig. 3a also shows the theoretical energy (Eth) necessary for the entire pasta 302 

cooking process, as calculated via Eq. (2), this tending to the aforementioned limiting 303 

value. Nevertheless, the hot-plate stove kept on absorbing energy and this resulted in 304 

further water evaporation and consequently in a decreasing energy efficiency of the 305 

cooking system. Actually, at the beginning of the cooking process, C resulted to be 306 

very low, probably because the electric energy was mainly consumed to heat the plate 307 

from the ambient temperature to the maximum allowable one. Just before the addition 308 
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of the salt and dried pasta, C reached a maximum value of (60±3) %. At the end of the 309 

cooking process, C reduced to (42±5) % in consequence of an overall cooking water 310 

loss of about (119±7) g, that is an evaporation ratio of (7.9± 0.5) % (Table 4). 311 

When using the electric hot-plate stove B at its maximum setting (4.850.09 kW 312 

kg
-1

 dried pasta), Econs(t) kept varying linearly with time throughout all the cooking test 313 

(Fig. 3b), and was reconstructed using the least squares regression listed in Table 3 – 314 

Eq. (18). All the other parameters mentioned above exhibited the same trend shown in 315 

Fig. 3a for the electric hob A. Moreover, as the cooking water started boiling, C,H 316 

reached a greater maximum value (74±3 %). Thereafter, the overall energy efficiency 317 

reduced to (49±1) % (Table 4).  318 

The electric hob A run at its maximum rated power of 1.470.03 kW for just 240 319 

s [see Eq. (16) in Table 3]. Then, to avoid THP exceeding the maximum allowable one, 320 

the electric power required by the appliance automatically reduced to (0.540.01) kW 321 

[see Eq. (17) in Table 3]. The energy delivered by such a hob, having a diameter of 180 322 

mm, was greater than that capable of being absorbed by the pan itself, its bottom 323 

diameter being equal to 145 mm. Consequently, the overall cooking time (tC) for the 324 

electric hob A practically coincided with that detected with the electric one B at =0.05 325 

(Table 4). In particular, the latter, having the same diameter of the pan bottom, was 326 

continuously and constantly powered during the whole cooking test (6071 W) [see Eq. 327 

(18) in Table 3]. Since Eth is independent of the cooking system, the lower energy 328 

consumed by the electric hob B, as well as the more effective heat transfer due to a 329 

unitary ratio between the plate and pan bottom diameters, yielded a greater C value 330 

than that of the electric hob A, even if such an increase in C was not statistically 331 

significant at =0.05 (Table 4).  332 
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4.4 Induction-plate stove 333 

Fig. 4 shows the time course of the cooking water temperature at mid-height 334 

(TWM), energy theoretically (Eth) and effectively (Econs) consumed, and cooking energy 335 

efficiency (C) when using the pan A and setting the control knob (CK) of the induction 336 

plate hob at the maximum or minimum level. Even with this stove, the energy delivered 337 

when the control knob was set to the maximum, medium or minimum level was found 338 

to increase linearly with time and was reconstructed using the least squares regressions 339 

listed in Table 3 – Eq.s (19)-(21). In the circumstances, the specific power supply 340 

reduced from 161 to 131 or 10.30.4 kW kg
-1

 dried pasta, respectively. 341 

At the maximum power setting, C reduced to (27±1)% owing to the intense 342 

evaporation of water, this being about one-third of the initial amount (Table 4). By 343 

contrast, at the medium and minimum power settings, the water evaporation ratio 344 

lessened to (196) and (201) %, respectively. Consequently, C increased to (33±1) 345 

and (35±1) %. Such differences were however statistically insignificant at =0.05 346 

(Table 3). Of course, the lower the energy consumed the longer the overall cooking time 347 

became.   348 

During the water-heating phase, C was quite high (69-78) %, and practically in 349 

line with the energy efficiency of typical home induction hobs, as measured with the 350 

carbon-steel block test by Acero et al. (2010) and Hager and Morawicki (2013). 351 

Moreover, at the maximum setting the cooking water started to boil in as shortly as 7 352 

min (Fig. 4).  353 

 354 

355 
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4.5 Effect of pan-to-hob diameter ratio  356 

By using the other two pans B and C (Table 1), it was possible to vary the ratio 357 

between the pan bottom and hob diameters (dPB/dH) from 0.76 to 2.93 (Table 4), in 358 

order to assess the effect of such a parameter on the pasta cooking energy efficiency. 359 

Table 4 lists how the control knob of each hob was regulated, as well as the main 360 

parameters measured and estimated in these cooking tests. 361 

As concerning the LPG stove, the only statistically significant difference at 362 

=0.05 regarded C, that increased from 24-29% to 32-34%, when setting the gas 363 

control knob at the (1/3) level whatever the (dPB/dH) value (Table 4). 364 

When using the electric hobs A and B, the only statistically significant difference 365 

regarded the pasta cooking time, which reduced from 31-33 min to 24 min when setting 366 

the control knob at the maximum level and the pan bottom had the same diameter of the 367 

hot plate (Table 4).  368 

Finally, when using the induction stove and varying (dPB/dH) from 0.76 to 1.16, no 369 

statistically significant difference among the parameters shown in Table 4 was detected, 370 

except for Econs, mWE,C, and C. As Econs increased, the pasta cooking time (tC) reduced 371 

from 20-21 min to 17-18 min.    372 

 373 

4.6 Pasta cooking testing with minimum energy consumption 374 

To improve the pasta cooking energy efficiency, a series of duplicated tests was 375 

carried using the pan A and setting each hob control knob to the maximum level to 376 

bring quite rapidly the cooking water up to the boiling point. As soon as the kitchen salt 377 

and dried pasta were added to the cooking water, and the mixture started to boil again, 378 

each hob control knob was adjusted to the minimum setting to keep the cooking 379 
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temperature around 98 °C and the lid closed to limit water vapor loss. The time course 380 

of the main cooking process parameters (i.e., mW, TWM, Eth, Econs, C) assessed here was 381 

reported in the electronic supplement (Fig. S5). 382 

As concerning the LPG hob, duplicated water heating tests in the absence of pan 383 

were carried to measure the instantaneous amount of LPG consumed and thus estimate 384 

the energy released by LPG combustion. These data are reported in the electronic 385 

supplement (see closed symbols in Fig. S4) and were correlated as listed in Table 3 – 386 

Eq.s (14) and (15).       387 

The above procedure resulted in an overall energy consumption of (12611) kJ, 388 

and a cooking efficiency of (46.00.1) %, while pasta cooking ended in practically the 389 

same cooking time previously assessed (Table 4). 390 

When using the electric hob A, two tests were performed according to the 391 

aforementioned procedure starting with the electric plate at ~20 °C (cold plate) or 180 392 

°C (hot plate). As shown in Table 4, despite the energy consumed (Econs) during both 393 

tests was definitively smaller than that previously registered with both hobs, in the test 394 

carried out with the hot plate Econs was about the 76% of that consumed with the electric 395 

plate initially at room temperature (Table 4). This resulted in an overall energy 396 

efficiency of 72% instead of 57%. In both tests, the water evaporation ratio (WE) 397 

leveled off at about 2% at =0.05 (Table 4). Correspondingly, the tC reduced to 29.5 398 

min against 32 min, such a difference being statistically significant at =0.05 (Table 4). 399 

The most remarkable result of such tests was that pasta cooking was ended using just 400 

the residual heat of the electric hot-plate. In fact, Econs remained constant for t1,140 s 401 

(Fig. S5bc). Only the performance detected with the cold electric plate was further 402 

compared to that observed with the other cooking appliances under study. 403 
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Finally, when using the induction stove with the control knob at the maximum 404 

setting, the high power was supplied for just 373 s (Fig. S5d). Then, to cook the added 405 

dried pasta the rate of the energy supplied was reduced to as little as (0.110.02) kW so 406 

as to keep water boiling. At the end of the water heating phase, C,H was as expected 407 

quite high (756) %. Once the control knob had been switched to the minimum setting, 408 

C tended to drop to not less than (653) %, the water evaporation ratio being limited to 409 

no more than 2% (Table 4). The overall energy consumption amounted to (86854) kJ, 410 

this being about 16% less or 14% greater than that consumed with the electric stove A 411 

starting with the cold- or hot-plate, respectively. Altogether, the overall cooking time 412 

(181 min) did not statistically differ from that associated to the operation at the 413 

maximum setting (Table 4). 414 

 415 

 416 

4.7 Carbon Footprint and operating costs of pasta cooking  417 

The assessment of the energy efficiency of different cooking appliances should 418 

not be limited to that of the specific appliance used to bring about a given duty (i.e. 419 

pasta cooking), but it should account for the extraction, conversion and transport 420 

efficiencies of the fuel source employed (Hager and Morawicki, 2013). Thus, to 421 

compare the overall effectiveness of the different hobs used here, the specific energy 422 

used to cook one kg of dried pasta allowed the estimation of the corresponding carbon 423 

footprint (CF), which is the total amount of GHGs produced directly and indirectly by 424 

an activity over the life stages of a product (BSI, 2008; Wiedmann and Minx, 2008), 425 

and energy costs.   426 
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The emission factors (referred to a time horizon of 100 years) for the energy 427 

sources used (i.e., electric energy and LPG) were extracted from ISPRA (2015) and 428 

ADEME (2007) reports, respectively. By relating the electric energy mix to the average 429 

Italian thermo-electric production from non-renewable and renewable sources, in 2014 430 

the average emission factor for purchased electricity was of the order of 323.6 g CO2e 431 

per kWh (SINAnet, 2015), as listed in Table 2. Then, the total electric energy needed to 432 

cook dried pasta was corrected to estimate the effective absorption of electric energy 433 

from the Italian grid, its average electric energy loss being about 6.7% of the electricity 434 

supplied in 2013 (ISPRA, 2015). As concerning the emission factor for LPG fuel, the 435 

GHG emissions resulting from LPG combustion only (803 g Ce kg
-1

) were corrected to 436 

account for the so-called upstream emissions (ADEME, 2007), that is those that 437 

occurred during extraction, transportation (61 Ce kg
-1

), and refining (90 Ce kg
-1

). Thus, 438 

the total emission factor for LPG was set to 954 g Ce kg
-1

, equivalent to 3.498 kg CO2e 439 

kg
-1

, as shown in Table 2. 440 

Finally, the pasta cooking costs (CC) were estimated by referring to the Italian 441 

residential utility charges for electric energy (€0.245/kWh: Eurostat, 2016) and LPG 442 

fuel (€ 0.051-0.065/MJ in the case of 15-kg LPG cylinders: Anon., 2016b) in the second 443 

semester of 2015. Since in Italy just the 5% of households makes use of LPG for 444 

heating, water heating and cooking, whereas the 80% of all households are connected to 445 

the natural gas network, the utility charges for natural gas (i.e., €0.0213/MJ: Eurostat, 446 

2016) were also pointed out.  447 

Thus, the values of the GHG emissions (CF) and energy costs (CC) associated 448 

with pasta cooking for each cooking mode examined here were compared in Figures 5 449 

and 6, respectively. 450 
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Independently of the pan size, by using the electric hob B at its maximum power 451 

setting (i.e., ~4.9 kW kg
-1

), it would be possible to cook pasta in about half an hour with 452 

minimum GHG emissions (0.880.02 kg CO2e  kg
-1

) and operating costs (0.620.01 € 453 

kg
-1

). With the induction hob at its maximum setting (i.e., 161 kW kg
-1

), pasta cooking 454 

would end in as short as about 18 min, but CF and CC would approximately increase by 455 

87%. Despite its smaller C value, the LPG cooker at its maximum setting would emit 456 

by far less GHGs than the induction stove (Fig. 5). 457 

By applying the minimum cooking energy procedure mentioned above, thanks to 458 

its greater cooking energy efficiency (653 %), the induction stove resulted in the 459 

lowest CF and operating cost (i.e., 0.670.04 kg CO2e and €0.470.03 per kg of dried 460 

pasta), followed by the electric plate (0.790.01 kg CO2e and €0.560.01 per kg) and 461 

LPG (0.770.01 kg CO2e and €0.610.01 per kg) hobs (Fig.s 5 and 6), at the confidence 462 

level of 95%. If the LPG fuel price coincided with that of natural gas, the pasta cooking 463 

cost using the gas stove would reduce to €0.21/kg, that is to less than one-half or one-464 

third of that related to the induction or electric hobs, respectively. Such a finding agreed 465 

with previous estimates by Karunanithy and Shafer (2016), the difference in utility 466 

charges depending on the technology used to deliver extract, convert, transmit, and end-467 

use the energy source (i.e., LPG or electricity) of choice (Hager and Morawicki, 2013).  468 

In Fig. 5 the CF of pasta cooking using different pans and hobs is also compared  469 

to the carbon footprint related to the field-to-retail life cycle of durum wheat semolina 470 

dried pasta (0.947 kg CO2e kg
-1

), as extracted from Barilla’s EPD® (2009). The use of 471 

the electric hob B at the maximum setting would result in GHG emissions of almost the 472 

same order of magnitude (0.880.02 kg CO2e kg
-1

).  473 
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In the circumstances, the agricultural activities and associated farming practices 474 

can no more be regarded as the hotspot of the cradle-to-grave environmental impact of 475 

dried pasta, since the contribution of cooking accounted for as much as 48% of the 476 

overall carbon footprint of pasta production and was in line with the range of values 477 

(46-59%) registered in the literature (Bevilacqua et al., 2007; Fusi et al., 2016; Röös et 478 

al., 2011; Barilla, 2013). Thus, all the current efforts directed to identify the good 479 

agricultural practices to comply with the principles of sustainability (Alhajj Ali et al., 480 

2014; Gan et al., 2011; Silvestri, 2015) are to be re-considered, since the first priority to 481 

deal with is definitively the mitigation of the GHG emissions associated with food 482 

cooking. 483 

The pasta cooking procedure recommended here would reduce GHG emissions by 484 

81, 73, or 86% with respect to those released with the LPG, electric, or induction stove, 485 

respectively, each one operating at the maximum power setting. Moreover, such 486 

environmentally sustainable cooking practice, as applied to the induction stove, yielded 487 

quite significant energy savings of the order of 31 or 18% of the energy needs registered 488 

in conjunction with the LPG or electric cooker, respectively (Fig. 5).  489 

In Fig. 6 the pasta cooking costs using different pans and hobs were compared to 490 

the minimum (€0.66/kg) price of durum wheat semolina dried pasta, as recently 491 

collected in Italian grocery stores and markets, its maximum price being €2.56/kg 492 

(Anon., 2016c). In general, the cooking costs were greater than the minimum market 493 

price of dried pasta, except for the eco-friendly cooking practice tested in this work, 494 

especially when it was coupled to the induction hob.  495 

496 



 23 

5. Conclusions 497 

The overall energy efficiency (C) of dried pasta cooking using typical domestic 498 

appliances and cookware sets was definitively smaller than the minimum energy 499 

efficiency performance requirements for EU domestic hobs. It was found to range from 500 

304 to 335 or 463 % for the LPG, induction or electric hot-plate hobs, respectively, 501 

these figures being also independent of the pan bottom-to-hob diameter ratio at the 502 

probability level of 0.05. 503 

An environmentally sustainable pasta cooking practice was suggested to minimize 504 

cooking water evaporation, this being the most significant loss of energy, and applied to 505 

all the cooking appliances examined. The associated GHG emissions reduced by 81, 73, 506 

or 86% with respect to those released with the LPG, electric, or induction hob, 507 

respectively, each one adjusted at the maximum power setting. The induction hob 508 

appeared to be the cooking system best suited for the above good cooking practice. In 509 

fact, the associated carbon footprint and operating costs lowered to 0.670.04 kg CO2e 510 

and €0.470.03 per kg of dried pasta, while the energy savings amounted to 31 or 18% 511 

of the energy consumed under the same procedure by the LPG or electric cooker, 512 

respectively.  513 

By using the information technologies available on the market today, such a 514 

cooking practice might be easily converted in a built-in procedure to manage  515 

automatically the operation of novel induction cooking hobs so as to cut significantly 516 

the environmental impact of dried pasta consumption.  517 
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Nomenclature 521 

CC  Operating cost of pasta cooking [€ kg
-1

] 522 

cEE electricity price [€ kWh
-1

] 523 

CF  Carbon Footprint related to the only energy consumed for pasta cooking [kg 524 

CO2e kg
-1

] 525 

CK Control knob setting 526 

cLPG LPG fuel price [€ MJ
-1

] 527 

CP Cold plate 528 

cpi Specific heat of the i-th component [kJ kg
-1

 K
-1

] 529 

dH Hob diameter [mm] 530 

dPB Pan bottom diameter [mm] 531 

dPB/dH  pan bottom-to-hob diameter ratio [dimensionless] 532 

Ecomb Heat of combustion [kJ] 533 

Econs Energy effectively consumed to cook pasta in the operating conditions 534 

selected [kJ] 535 

EPD Environmental Product Declaration 536 

Eth Energy theoretically consumed to cook pasta [kJ], as defined by Eq. (2) 537 

FEEE  Emission factor for the electric energy distributed at the Italian grid, 538 

inclusive of non-renewable and renewable sources [g CO2e kWh
-1

] 539 

FELPG  Emission Factor for LPG combustion, including the GHG upstream 540 

emissions [g CO2e kg
-1

] 541 

GHG  Greenhouse gas 542 

HP Hot plate 543 

I Electric current [A] 544 
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LHV  Lower heating value for LPG fuel [MJ kg
-1

] 545 

LPG  Liquefied petroleum gas 546 

mi Amount of the i-th component used to cook pasta [kg] 547 

mLPG Mass of LPG fuel burnt [g] 548 

n Number of cooking tests performed  549 

qgel Heat of starch gelatinization [kJ] 550 

qsi   Sensible heat for the generic i-th component changing its temperature from 551 

Ti0 to TW [kJ] 552 

R  Electric resistance of the hot-plate hob [] 553 

r
2
 coefficient of determination 554 

t  Cooking time [s] 555 

tC  pasta cooking time [s] 556 

THP  Temperature of the hot plate surface [°C] 557 

Ti0  Initial temperature of the generic i-th component [°C] 558 

TPWi  Temperature of the pan wall at the generic ith position [°C]  559 

TWi  Instantaneous temperature of the cooking water at the generic ith position 560 

[°C]561 

xS mass fraction of starch in dried pasta [g g
-1

] 562 

 563 

Greek Symbols 564 

 Probability level 565 

Hgel Gelatinization enthalpy of wheat starch [kJ kg
-1

] 566 

C Energy efficiency of the cooking system [%]567 
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WE  Percentage fraction of water evaporated at the end of the cooking process 568 

[%]569 

ev Latent heat of water evaporation at 100 °C [kJ kg
-1

]  570 

 571 

Subscripts 572 

B referred to the position at 0.5 cm above the pan bottom 573 

C referred to the pasta cooking phase  574 

E referred to water evaporated 575 

P referred to the pan 576 

PA referred to the dried pasta 577 

PW referred to the pan wall 578 

H referred to the heating phase of the cooking water 579 

M referred to the position at pan or water mid-height  580 

s referred to the kitchen salt 581 

S referred to the starch contained in the dried pasta 582 

T referred to the position at 0.5 cm below the pan or water top level 583 

W referred to water 584 

0 initial 585 

586 
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TABLE HEADINGS 698 

Table 1 Main geometry and characteristics of the cooking pans used in this 699 

work. 700 

Table 2 Parameters used to estimate the energy efficiency, carbon footprint 701 

and operating costs of dried pasta cooking. 702 

Table 3  Main least squares regressions fitting the energy consumed (Econs, in 703 

kJ) against time (t, in s) when using different cooktops with their 704 

control knob (CK) set at different levels during water heating (blank) 705 

or pasta cooking tests together with their corresponding coefficient of 706 

determination (r
2
).  707 

Table 4  Summary of the data collected during several pasta cooking tests 708 

performed with different home hobs and pans: hob diameter (dH), pan 709 

bottom diameter (dPB), pan bottom-to-hob diameter ratio (dPB/dH), 710 

number of trials (n), power setting, effectively (Econs) and theoretically 711 

(Eth) energy consumed, mass of water evaporated at the end of the 712 

heating (mWE,H) and cooking (mWE,C) phases, overall water 713 

evaporation ratio (WE), energy efficiency at the end of the water 714 

heating phase (C,H) and pasta cooking (C), and overall cooking time 715 

(tC). 716 
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Table 1 717 

Main geometry and characteristics of the cooking pans used in this work. 718 

 719 

Cooking pan type 

A  B  C  

Unit 

Article no 502.864.20 902.864.23 002.864.13  

Mid-height diameter  200 230 300 [mm] 

Height  130 150 190 [mm] 

Bottom diameter (dPB) 145 180 220 [mm] 

Pan mass  (mP) 783.5 1026 1486 [g] 

Pan capacity  3 5 10 [L] 

Lid mass  158.2 203 226 [g] 

 720 
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Table 2 721 

Parameters used to estimate the energy efficiency, carbon footprint and operating costs 722 

of dried pasta cooking. 723 

 724 

Parameters  Value  Unit  

cpW 4.186 kJ kg
-1

 K
-1

 

cpP 0.837 kJ kg
-1

 K
-1

 

cpPA 1.840 kJ kg
-1

 K
-1

 

cps 1.160 kJ kg
-1

 K
-1

 

ev 2.260 kJ g
-1

 

Hgel 11.9 J g
-1

 

mW ~1.50 kg 

mPA 125 g 

ms 14 g 

xS 0.71 g g
-1

 

FEEE  323.6 g CO2e kWh
-1

 

cEE 0.245 € kWh
-1

 

LHV 46 kJ g
-1

 

FELPG 3.498  kg CO2e kg
-1

 

 76.04 g CO2e MJ
-1

 

cLPG 0.06 € MJ
-1
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Table 3  725 

Main least squares regressions fitting the energy consumed (Econs, in kJ) against time (t, in s) when using different cooktops with their 726 

control knob (CK) set at different levels during water heating (blank) or pasta cooking tests together with their corresponding coefficient of 727 

determination (r
2
).  728 

Cooktop Type Test Type CK setting Eq. Regression r
2
 

    [kJ] [-] 

LPG Hob Water Heating max (11) Econs = (1.9720.005) t 0.998 

1/3 (12) Econs = (1.4670.001) t 0.999 

min (13) Econs = (0.5220.001) t 0.998 

max-min (14)  

(15) 

Econs = (2.030  0.002) t      for t  511 s 

Econs = (878  1) + (0.313  0.001) t   for t  511 s 

0.999 

0.998 

Electric Hob A Pasta Cooking max (16)  

(17) 

Econs = (1.47  0.03) t      for t < 241 s 

Econs = (224  9) + (0.54  0.01) t    for t  241 s 

0.999 

0.999 

Electric Hob B Pasta Cooking max (18) Econs = (0.607  0.001) t 0.999 

Induction Hob Pasta Cooking max (19) Econs = (1.919  0.007) t 0.999 

medium (20) Econs = (1.628  0.003) t 0.999 

min (21) Econs = (1.279  0.001) t 0.999 

729 
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Table 4 Summary of the data collected during several pasta cooking tests performed with different home hobs and pans: hob diameter 730 

(dH), pan bottom diameter (dPB), pan bottom-to-hob diameter ratio (dPB/dH), number of trials (n), power setting, effectively (Econs) and 731 

theoretically (Eth) energy consumed, mass of water evaporated at the end of the heating (mWE,H) and cooking (mWE,C) phases, overall water 732 

evaporation ratio (WE), energy efficiency at the end of the water heating phase (C,H) and pasta cooking (C), and overall cooking time 733 

(tC). 734 

Cooktop Type dH dPB (dPB/dH) n Power Setting Econs Eth mWE,H mWE,C WE C,H C tC 

 [mm] [mm] [-]  [kW] [kJ] [kJ] [g] [g] [%] [%] [%] [min] 

LPG Hob 75 

 

145 1.93 

 

4 Max 2420196
a
 57721

a
 487

a
 35752

a
 243

a
 545

a
 243

a
 211

a
 

4 (1/3) 1813109
b
 57519

a
 5023

a
 30036

a,b
 202

a
 6515

a
 321

b
 231

a
 

180 2.40 2 Max 216522
a
 60525

a
 282

b
 33612

a
 221

a
 55.20.7

a
 28.00.9

a
 18.20.2

b
 

2 (1/3) 1754142
b
 59113

a
 244

b
 22733

b
 152

b
 595

a
 343

b
 221

a
 

220 2.93 2 Max 2151215
a
 61625

a
 346

a
 31748

a,b
 213

a
 605

a
 293

a
 181

b
 

2 (1/3) 1754142
b
 59314

a
 366

a
 24235

b
 162

b
 615

a
 343

b
 231

a
 

Environmentally sustainable cooking practice 

145 1.93 2 Max-Min 12611
c
 5811

a
 283

b
 725

c
 4.80.3

c
 541

a
 46.00.1

c
 20.40.1

a
 

              

Electric Hob A 180 145 0.81 3 Max 123617
a
 51465

a
 53

a
 1197

a
 7.90.5

a
 603

a
 425

a
 31.00.5

a
 

Electric Hob B 145 1.00 4 Max 113520
b
 55415

a
 31

a
 12714

a
 8.40.9

a
 743

b
 491

a
 31.20.5

a
 

Electric Hob A 180 180 1.00 3 Max 127439
a
 57521

a
 43

a
 1538

b
 10.20.5

b
 632

a
 453

a
 241

b
 

Electric Hob B 145 1.24 3 Max 115421
b
 57613

a
 32

a
 12119

a,c
 81

a
 72.10.5

b
 501

a
 31.40.6

a
 

Electric Hob A 180 220 1.22 3 Max 127018
a
 5317

a
 93

a
 1688

c
 11.00.61

c
 61.00.4

a
 42.00.1

a
 323

a
 

Electric Hob B 145 1.52 2 Max 1193120
b
 5709

a
 84

a
 12732

c
 8.50.5

a
 652

a
 486

a
 333

a
 

Electric Hob A Environmentally sustainable cooking practice 

180 145 

 

0.81 2 Max-Min: CP 10288
c
 5864

a
 3.70.4

a
 345

b
 2.30.4

b
 57.60.1

a
 571

b
 321

a
 

2 Max-Min: HP 76031
d
 54710

a
 31

a
 297

b
 1.90.5

b
 705

b
 722

c
 29.50.1

c
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Induction Hob 190 

 

145 

 

0.76 

 

4 Max 2117137
a
 58010

a
 1411

a
 50495

a
 336

a
 752

a
 271

a
 17.70.5

a
 

4 Medium 1702208
b
 55029

a
 2017

a
 28788

b
 196

b
 787

a
 335

a,b
 18.50.9

a
 

3 Min 162359
b
 5697

a
 2213

a
 29623

b
 201

b
 696 

a
 351

b
 21.10.8

b
 

180 

 

0.95 

 

2 Max 199014
a
 5786

a
 62

a
 40915

a
 271

a
 754

a
 291

a,b
 17.20.3

a
 

2 Min 152616
b
 56230

a
 5.60.6

a
 25722

a
 171

b
 744

a
 372

b
 20.20.2

b
 

220 1.16 
2 Max 19617

a
 6144

b
 148

a
 39811

a
 271

a,b
 773

a
 311

b
 171

a
 

  3 Min 153515
b
 60512

a,b
 125

a
 2737

b
 18.20.4

b
 783

a
 39.40.7

b
 20.10.2

b
 

Environmentally sustainable cooking practice 

145 0.76 2 Max-Min 86854
c
 56710

a
 3.10.8

a
 2512

c
 1.70.8

c
 756

a
 653

c
 181

a
 

 735 

CP cold plate  736 

HP hot plate 737 

- Different lowercase letters indicate statistically significant difference among the column means of each hob used at the probability 738 

level of 0.05. 739 

- Different uppercase letters indicate statistically significant difference among the CF and CC means referred to each hob operating at 740 

the low energy consumption procedure at the probability level of 0.05. 741 
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FIGURE HEADINGS 742 

Figure 1 Block diagram of the cooking system examined in this work. All 743 

symbols were listed in the Nomenclature section 744 

Figure 2 Pasta cooking test using the pan A and LPG hob with the gas control 745 

knob set to the maximum (black lines) or minimum (grey lines) level: 746 

cooking water temperature at mid-height (TWM: - - - , - - - ), cooking 747 

energy theoretically (Eth:    ,     ) and effectively (Econs: 748 

, ) consumed, and energy efficiency (C:    ,    ) 749 

against time (t). The triangle and square symbols refer to the Econs 750 

values estimated on the basis of the amounts of LPG consumed at the 751 

end of the corresponding cooking tests (average coefficient of 752 

variation of 2%). 753 

Figure 3 Pasta cooking tests using the pan A and electric hot plat hobs A (a) 754 

and B (b) with the control knob to the maximum setting: time course 755 

of the amount (mW:   ) and temperature at mid-height (TWM: - - -) 756 

of the cooking water, energy theoretically (Eth:    ) and 757 

effectively (Econs: ) consumed, and energy efficiency (C:    758 

). The standard deviation for each dependent variable is listed in 759 

Table 4. 760 

Figure 4 Pasta cooking tests using the pan A and induction stove with the 761 

control knob set to the maximum (black lines and closed symbols) or 762 

minimum (grey lines and open symbols) level. Time course of the 763 

cooking water temperature at mid-height (TWM: - - - , - - - ), energy 764 

theoretically (Eth:    ,     ) and effectively (Econs: , 765 
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) consumed, and energy efficiency (C:    ,    ). The 766 

standard deviation for each dependent variable is listed in Table 4. 767 

Figure 5 Comparison among the Carbon Footprint (CF) values associated with 768 

the field-to-retail life cycle of durum wheat semolina dried pasta 769 

production (PP) and its gas- (GC) or electric- (EC) cooking, as 770 

extracted from Barilla (2009), and those referred to the pasta cooking 771 

phase using the GPL (G), electric (E) or induction (I) stove regulated 772 

at the maximum (HP) and/or minimum (LP) power setting, and a 773 

small- (SP), medium- (MP) or large- (LP) size pan. The error bars are 774 

used to represent an interval of one standard deviation from the mean 775 

CF values. 776 

Figure 6 Comparison among the minimum dried pasta prices (MPP) in Italian 777 

grocery stores and markets and operating costs (CC) associated with 778 

the pasta cooking phase when using the GPL (G), electric (E) or 779 

induction (I) stove regulated at the maximum (HP) and/or minimum 780 

(LP) power setting, and a small- (SP), medium- (MP) or large- (LP) 781 

size pan. The error bars are used to represent an interval of one 782 

standard deviation from the mean CC values. 783 

 784 

785 
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 Figure 1   786 

 787 

 788 

Block diagram of the cooking system examined in this work. All symbols were listed in 789 

the Nomenclature section 790 

791 
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Figure 2 792 

TWM

0

500

1000

1500

2000

2500

0 500 1000 1500

t [s]

E
c
o

n
s
, 
E

th
  
[k

J]
  

0

30

60

90

120

T
W

M
 [

°C
],

 h
C

 [
%

]

Eth

C

Econs

 793 

 794 

Pasta cooking test using the pan A and LPG hob with the gas control knob set to the 795 

maximum (black lines) or minimum (grey lines) level: cooking water temperature at 796 

mid-height (TWM: - - - , - - - ), cooking energy theoretically (Eth:    ,     ) and 797 

effectively (Econs: , ) consumed, and energy efficiency (C:    ,    ) 798 

against time (t). The triangle and square symbols refer to the Econs values estimated on 799 

the basis of the amounts of LPG consumed at the end of the corresponding cooking tests 800 

(average coefficient of variation of 2%). 801 

 802 

 803 

 804 

805 
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Figure 3a 806 
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Figure 3b) 808 
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 809 

Pasta cooking tests using the pan A and electric hot plat hobs A (a) and B (b) with the 810 

control knob to the maximum setting: time course of the amount (mW:   ) and 811 

temperature at mid-height (TWM: - - -) of the cooking water, energy theoretically (Eth:  812 

  ) and effectively (Econs: ) consumed, and energy efficiency (C:    ). The 813 

standard deviation for each dependent variable is listed in Table 4. 814 
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Figure 4 815 
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 817 

Pasta cooking tests using the pan A and induction stove with the control knob set to the 818 

maximum (black lines and closed symbols) or minimum (grey lines and open symbols) 819 

level. Time course of the cooking water temperature at mid-height (TWM: - - - , - - - ), 820 

energy theoretically (Eth:    ,     ) and effectively (Econs: , ) 821 

consumed, and energy efficiency (C:    ,    ). The standard deviation for 822 

each dependent variable is listed in Table 4. 823 

824 
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Figure 5 825 
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 827 

Comparison among the Carbon Footprint (CF) values associated with the field-to retail 828 

life cycle of durum wheat semolina dried pasta production (PP) and its gas- (GC) or 829 

electric- (EC) cooking, as extracted from Barilla (2009), and those referred to the pasta 830 

cooking phase using the GPL (G), electric (E) or induction (I) stove regulated at the 831 

maximum (HP) and/or minimum (LP) power setting, and a small- (SP), medium- (MP) 832 

or large- (LP) size pan. The error bars are used to represent an interval of one standard 833 

deviation from the mean CF values. 834 

835 
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Figure 6 836 
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 837 

Comparison among the minimum dried pasta prices (MPP) in Italian grocery stores and 838 

markets and operating costs (CC) associated with the pasta cooking phase when using 839 

the GPL (G), electric (E) or induction (I) stove regulated at the maximum (HP) and/or 840 

minimum (LP) power setting, and a small- (SP), medium- (MP) or large- (LP) size pan. 841 

The error bars are used to represent an interval of one standard deviation from the mean 842 

CC values. 843 

844 
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Appendix A. Supplementary data 845 

 846 

Figure S1 Pictures of the durum wheat semolina dried pasta (recommended set 847 

time of 11 min) used in this work: before (a) and after cooking (b), or 848 

as removed from the pan at different cooking times of 8 (c), 10 (d), 11 849 

(e), and 12 (f) min, and halved to detect the presence of the central 850 

white core.   851 

 852 

Figure S2  Photo of one of the cooking systems used in this work, consisting of 853 

the pan A closed with its lid and induction hob, both being placed over 854 

the technical balance, the digital multimeter, and Arduino board 855 

connected to a personal compute PC via a USB cable to monitor the 856 

process parameters.  857 

 858 

Figure S3 Water heating tests using the pan A and (a) gas, (b) electric A, or (c) 859 

induction hobs: effect of time (t) on the temperatures of the 1) pan 860 

wall at different positions [i.e., 0.5 cm above the bottom (TPWB: ) or 861 

below the top (TPWT: ), and mid-height (TPWM: )]; and 2) cooking 862 

water along the pan axis at different positions [i.e., 0.5 cm above the 863 

pan bottom (TWB: ) and below the water top level (TWT: ) and at 864 

the pan mid-height (TWM: )], and hot plate (THP: ) in the case of 865 

the electric hob only. The standard deviation of each temperature 866 

measured was about 1 °C. 867 

Figure S4  Water heating tests carried out using the LPG hob with the gas control 868 

knob set to the maximum (), 1/3 (), and minimum () levels, or 869 

to the maximum level for t500 s and to the minimum one for t>500 s 870 

(): heat released by LPG combustion (Ecomb) against time (t). The 871 

broken lines were plotted using Eq.s (10)-(12), listed in Table 3. 872 

Throughout these tests, the average coefficient of variation for Ecomb 873 

was of the order of 2%. 874 

 875 

876 
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Figure S5 Environmentally sustainable pasta cooking tests using the pan A and 877 

LPG (a), electric hot-plate initially at about 20 °C (b) or 180 °C (c), or 878 

induction (d) hobs: time (t) course of the amount (mW:   ) and 879 

temperature at mid-height (TWM: - - -) of the cooking water, energy 880 

theoretically (Eth:    ) and effectively (Econs: ) consumed, 881 

and energy efficiency (C:    ).  882 

 883 
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Appendix A. Supplementary data 884 

Figure S1 885 

S1a)           S1b) 886 

                         887 
S1c)            S1d) 888 

                          889 
890 
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S1e)             S1f) 891 

                                     892 

 893 

Pictures of the durum wheat semolina dried pasta (recommended set time of 11 min) used in this work, before (a) and after cooking (b), or 894 

as removed from the pan at different cooking times of 8 (c), 10 (d), 11 (e), and 12 (f) min, and halved to detect the presence of the central 895 

white core.  896 
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Figure S2 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

Photo of one of the cooking systems used in this work, consisting of the pan A closed 910 

with its lid and induction hob, both being placed over the technical balance, the digital 911 

multimeter, and Arduino board connected to a personal compute PC via a USB cable to 912 

monitor the process parameters.  913 
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Figure S3 914 

S3a1)           S3a2) 915 
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S3b1            S3b2 919 
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S3c1            S3c2 924 
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 925 

Water heating tests using the pan A and (a) gas, (b) electric A, or (c) induction hobs: effect of time (t) on the temperatures of the 1) pan 926 

wall at different positions [i.e., 0.5 cm above the bottom (TPWB: ) or below the top (TPWT: ), and mid-height (TPWM: )]; and 2) 927 

cooking water along the pan axis at different positions [i.e., 0.5 cm above the pan bottom (TWB: ) and below the water top level (TWT: ) 928 

and at the pan mid-height (TWM: )], and hot plate (THP: ) in the case of the electric hob only. The standard deviation of each 929 

temperature measured was about 1 °C. 930 



54 

Figure S4  931 
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  932 

Water heating tests carried out using the LPG hob with the gas control knob set to the 933 

maximum (), 1/3 (), and minimum () levels, or to the maximum level for t500 s 934 

and to the minimum one for t>500 s (): heat released by LPG combustion (Ecomb) 935 

against time (t). The broken lines were plotted using Eq.s (11)-(15), listed in Table 3. 936 

Throughout these tests, the average coefficient of variation for Ecomb was of the order of 937 

2%. 938 

 939 

940 



55 

Figure S5 941 
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S5b) 944 
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S5c) 948 
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S5d) 950 
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 951 

Environmentally sustainable pasta cooking tests using the pan A and LPG (a), electric 952 

hot-plate initially at about 20 °C (b) or 180 °C (c), or induction (d) hobs: time (t) course 953 

of the amount (mW:   ) and temperature at mid-height (TWM: - - -) of the cooking 954 

water, energy theoretically (Eth:    ) and effectively (Econs: ) consumed, and 955 

energy efficiency (C:    ).  956 


