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			Restoring the Old Way of Warming: Heating People, not Spaces

		

		
			Most modern heating systems are primarily based on the heating of air. This seems an obvious choice, but there are far worthier alternatives.

		
		
				February 2015

		
			These days, we provide thermal comfort in winter by heating the entire volume of air in a room or building. In earlier times, our forebear’s concept of heating was more localized: heating people, not spaces.

			They used radiant heat sources that warmed only certain parts of a room, creating micro-climates of comfort. These people countered the large temperature differences with insulating furniture, such as hooded chairs and folding screens, and they made use of additional, personal heating sources that warmed specific body parts.

			It would make a lot of sense to restore this old way of warming, especially since modern technology has made it so much more practical, safe and efficient.

			Conduction, Convection, Radiation

			Most modern heating systems are primarily based on the heating of air. This seems an obvious choice, but there are far worthier alternatives. There are three types of (sensible) heat transfer: convection (the heating of air), conduction (heating through physical contact), and radiation (heating through electromagnetic waves).

			The old way of warming was based upon radiation and conduction, which are more energy-efficient than convection. While convection implies the warming of each cubic centimeter of air in a space in order to keep people comfortable, radiation and conduction can directly transfer heat to people, making energy use independent of the size of a room or building.

			First, let’s have a look at the different methods of heat transfer in some more detail. Conduction and convection are closely related. Conduction concerns the transfer of energy due to the physical contact between two objects: heat will flow from the warmer to the cooler object. The speed at which this happens depends on the thermal resistance of the substance.

			For example, heat is transferred much faster through metal than through wood, because metal has a lower thermal resistance. This explains why, for instance, a cold metal object feels much colder than a cold wooden object, even though they both have the same temperature.

			Conduction not only occurs between physical objects, but also between physical objects and gasses (like air), and between gasses mutually. Each physical object that is warmer than the air that surrounds it, heats up the air in the immediate vicinity through conduction. By itself, this effect is limited, because air has a high thermal resistance — that’s why it forms the basis of most thermal insulation materials.

			However, the air that is warmed by conduction expands and rises. Its place is taken by cold air, which is heated in turn, expands, rises, and so on. This plume of warm air that rises from every object that is warmer than the surrounding air, is called convection.

			Radiation, the third form of sensible heat transfer, works in a very different way from conduction and convection. Radiant energy is transferred through electromagnetic waves, similar to light or sound. More precisely, it concerns the part of the electromagnetic spectrum that’s called infrared radiation. Radiation doesn’t need a medium (like air or water) for heat transfer.

			It also works in a vacuum and it’s the most important form of heat transfer in outer space. The primary source of radiant energy is the sun, but every object on earth radiates infared energy as long as it has mass and a temperature above absolute zero. This energy can be absorbed by other objects with a lower temperature. Radiant energy doesn’t have a temperature. Only when it hits the surface of an object with mass, the energy can be absorbed and converted into heat.

			Thermal Comfort at Low Air Temperatures

			Because of the general use of central air heating (and cooling) systems, we have come to believe that our indoor thermal comfort depends mainly on air temperature. However, the human body exchanges heat with its environment through convection, radiation, conduction and evaporation (a form of “latent” heat transfer).

			Convection relates to the heat exchange between the skin and the surrounding air, radiation is the heat exchange between the skin and the surrounding surfaces, evaporation concerns the moisture loss from the skin, and conduction relates to the heat exchange between a part of the human body and another object that it’s in contact with.

			In winter we can remain comfortable in lower air temperatures by increasing the share of radiation or conduction in the total heat transfer of a space. The opposite is also true: conduction and radiation can make people feel uncomfortable in spite of a high air temperature. For example, a person standing on a cold floor with bare feet will feel cold, even if the air temperature is a comfortable 21ºC (70ºF). This is because the body loses heat to the floor through conduction. A hot cup of soup in the hand, floor heating, or a heated bench have the opposite effect, because heat is transferred from the warm object to the body through conduction.

			Radiant heat can make people comfortable at a lower air temperature, too. The obvious example is direct sunlight. In spring or autumn, we can sit comfortably outside in the sun wearing only a T-shirt, even if the air temperature is relatively low. A meter away, in the shade, it can be cold enough to need a jacket, although the air temperature is more or less the same. In summer, we prefer the shade. The difference is explained by the radiant energy of the sun, which heats the body directly when it is exposed to sunlight. This higher “radiant temperature,” which can be measured with a black-globe thermometer, allows thermal comfort at a colder air temperature in winter.

			It should be noted that on earth, radiation always goes hand in hand with convection. Because air has little mass, the radiant energy of the sun doesn’t heat the air directly. However, it does so indirectly. The radiant energy of the sun is absorbed by the earth’s surface, where it is converted to heat. The warmer earth’s surface then slowly releases this heat to the air through the earlier described mechanisms of conduction and convection. In other words, it’s not the sun but the earth’s surface that heats the air on our planet.

			The radiant temperature is equally important when heating a building, no matter which heating system is used. Indoors, the radiant temperature represents the total infrared radiation that is exchanged between all surfaces in a room. Radiant heating systems, which we will discuss later on, work in a similar manner as the sun: they don’t heat the air but the surfaces in a space, including human skin, raising the radiant temperature and providing thermal comfort at a colder air temperature. The use of radiant heating is more practical indoors, where environmental factors are under control. If a wind picks up outside, for example, the warming effect of the sun quickly disappears.

			A 100% radiant heating system doesn’t exist, because both the radiant heating surface and the irradiated surfaces make contact with the air and warm it by conduction and convection. However, this heating of the air has a delayed onset and is more limited than in the case of a direct air heating system. Likewise, an air heating system will also raise the radiant temperature in a space, because the hot air warms the building’s surfaces through conduction. But again, the increase of the radiant temperature is slow and limited in comparison to a radiant heating system.

			As with conduction, radiation can also make people uncomfortable in spite of warm air temperature. If we are seated next to a cold window, our body will radiate heat to this cold surface, making us feel cold even when the air temperature is a comfortable 21ºC (70ºF). In short, neither a high air temperature nor a high radiant temperature are a guarantee of thermal comfort. The best understanding of the thermal environment in a space is given by the “operative temperature,” which is a weighted average of both.

			The Old Way of Warming

			Before the arrival of central air heating systems in the twentieth century, buildings were mainly heated by a central radiant heat source, such as a fireplace or a wood, coal or gas stove. Usually, only one of the rooms in a building was heated. But even within this room, there were large differences in comfort depending on your exact location in the space. While air heating distributes warmth relatively evenly throughout an area, a radiant heating source creates a local microclimate that can be radically different from the rest of the room.

			This is because the energy potential of a radiant heat source decreases with distance. It’s not that the infrared waves become weaker, but that they become more dispersed as they are fanning out from a specific source. In an air-heated room, it doesn’t matter much where you are. In a room heated by a central radiant heating source, location is everything. The mean radiant temperature can be optimal, but the radiant temperature in parts of the space may be too low. But the opposite is also possible: the mean radiant temperature can be too low, while at certain locations the room is perfectly comfortable. This is the ancient principle of spot or zone heating, which is impossible to realize with an air heating system. Instead of heating the entire space, our ancestors only heated the occupied parts of a building.

			A similar thing happens on the vertical plane. Warm air rises, so that most heat ends up under the ceiling, where it is of little use. With radiant heating, it’s perfectly possible to only heat the lower part of a space, no matter how high the ceiling is. Radiant heat doesn’t rise, unless the radiant heating surface is aimed upwards. In conclusion, instead of heating the entire volume of air in a space, a radiant heating system can heat only that part of a space which is occupied, which is of course much more energy efficient.

			Unless the room is very small or very crowded, only a very small part of the energy used by an air heating system benefits people. On the other hand, almost all the energy used by a radiant heating system is effectively heating humans.

			Local Insulation

			A problem with the heterogeneous indoor climate of old times was radiant assymetry — the difference in radiant temperature between distinct parts of the body. A person sitting in front of an open fire will receive sufficient radiant heat on one side of their body, while the other side loses heat to the cold air and surfaces at the opposite half of the room. The body can be in thermal balance — the heat loss on one side equals the heat gain on the other — but if the temperature differences are too large, thermal comfort will not be obtained.

			One — not so practical — solution was a bench with an adjustable back, which could be switched from side to side. By regularly turning the body to the fire and then away from it, both the front and the back of the body could be heated alternately. Although radiant assymetry can be an issue with forced-air heating systems, it’s much more likely to appear in spaces that are warmed by a radiant heat source. In historical buildings, the difference in surface temperatures was aggravated by the fact that building surfaces were not insulated. Drafts, another cause of local thermal discomfort, were also a problem in old buildings, because they were anything but air-tight.

			To create a comfortable microclimate without radiant assymetry or drafts, our ancestors supplemented local heating with local insulation. One example was the hooded chair. This chair, which could be upholstered or covered with leather or wool blankets, fully exposed people to a radiant heat source, while protecting their back from the drafts and the low surface temperatures behind them.

			At the same time, the shape of the furniture ensured that a greater share of the radiant heat emitted by the fire was effectively used: the chair was heated directly by the fire through radiation, and this heat was transferred to the person sitting in it. Recent research has shown that the insulation value of these types of chair amounted to at least 0.4 clo, which corresponds to the insulation value of a heavy pullover or coat. Some hooded chairs could host more than one person.

			An additional solution, which could also be used alone, was the folding screen. The folding screens used as winter furniture were insulated with fabrics or built with heavy wood panels. They could be placed behind an insulated chair, or behind a table, for instance. Like the hooded chair, the folding screen protected the back of a person against drafts and cold temperatures, creating a comfortable microclimate.

			A third example of local insulation were special sitting areas close to the fireplace. These could be benches placed between the fire and the side walls of the fireplace, or a niche in the wall with a built-in seat. In both cases, a person would lean against a wall that was warmed by the fire and protected from drafts. In some cases, the fireplace itself was placed in a room-inside-a-room. In the bedroom, which often remained unheated, yet another piece of furniture was aimed at providing a microclimate: the four poster bed, which had a canopy and thick curtains. When the curtains were closed, drafts were eliminated and body heat was trapped inside.

			Portable Heating Systems

			The apparent downside of spot heating is that you have to be in a specific location in order to be comfortable. In earlier times, the family gathered around the fireplace or the stove when no physical work had to be done, or when the body had to be warmed up after a long stay in a cold environment. Other locations in the room, as well as unheated rooms, were better suited for activities which required a higher metabolism. People were “migrating” throughout the room and throughout the house in search of the climate that suited their needs best.

			However, the use of radiant heat sources and local insulation were also complemented by portable heating sources which transferred heat through radiation, convection and/or conduction. These could be used to further increase thermal comfort in the presence of a central heat source, and were also helpful in bringing warmth to other locations. Portable heating systems were designed especially to heat the feet or the hands: the parts of the body that are most sensitive to cold.

			An example is the foot stove, a box with one or more perforated partitions, which contained a metal or earthenware bowl or pan filled with embers from the fireplace. The feet were placed on top of the stove and the often long garments worn in those days increased the effect of the small heating device: the warmth was guided through a skirt or a chamber coat along the legs to the upper body. The upper part of the stove was made of wood or stone, as these materials have low thermal conductivity to avoid burns.

			In many cultures worldwide, similar heat sources were used for warming the hands. They were made from metal or ceramics and were filled with embers from the fireplace, or with coal or peat. These personal heating sources also allowed people to enjoy the heat from the central fireplace or stove outside the house. They were taken in unheated coaches and railcars, or to Sunday Mass. Poor people made use of heated stones or bricks, or even heated potatoes put in coat pockets.

			For heating the bed, people made use of brass bedpans with a long handle which were shoved underneath the mattress. Some beds had a bed wagon: a large, wooden frame designed to hold a pot of glowing fuel in the center of the bed. In the 19th century, following the arrival of the public water supply, the use of ceramic hot water bottles became common — water is a much safer heat medium than smouldering fire. These devices, which were often protected by a fabric cover, were used as foot warmers, hand warmers, or bed warmers.

			Some peoples took the concept of the foot stove one level higher. The Japanese had their “kotatsu,” a movable low table with a charcoal heater underneath. A thick cloth or quilt was placed over the table to trap the heat and the whole family slid their legs under the table, sitting on the floor. As with the European and American foot stoves, contemporary clothing increased the effect of the device. The heat of the charcoal burner was transferred through the traditional Japanese kimono, warming the whole body. Similar heating devices were used in Afghanistan (such as the “korsi”), as well as Iran, Spain and Portugal.

			Conductive Heating Systems

			Some historical radiant heating systems also transferred heat through conduction, further improving efficiency and comfort. More than 3,000 years ago, the Chinese and the Koreans built heating systems which were based on trapping smoke gases in a thermal mass. The northern Chinese “kang” (“heated bed”) was a raised platform made from stone, masonry or adobe, which occupied about half of the room. As the name indicates, the kang was in the first place a heated bed, but the platform was also used during the day as a heated work and living space. The “dikang” (“warmed floor”), which was typical in North–Eastern China, worked in the same way as the kang, but had a larger floor area.

			The Koreans used the “ondol” (“heated stone”), which was a wall-to-wall platform. A similar heating system in Afghanistan, the “tawakhaneh” (“hot room”) is possibly the oldest of these systems: its use may date back 4,000 years. In all these systems, the heat of an open fire was led underneath the platform to a chimney at the other side of the room. Both the fireplace and the chimney could be in the room or in adjacent rooms. The heat of the hot smoke gases was transferred to the thermal mass of the platform, which slowly released the warmth to the space. Conduction was as important as radiation and convection in the total heat transfer.

			These ancient Eastern heating systems are somewhat reminiscent of the European tile stoves that appeared in the middle ages. Tile stoves (or “masonry heaters” as they are known in the USA) are heat accumulating wood stoves that make use of a high thermal mass to burn wood at very high temperatures, which is cleaner and more efficient. The smoke gases are trapped in a labyrinth of smoke channels, transferring most of the heat to the masonry structure before leaving the chimney.

			Tile stoves produce a large share of radiant heat, but on top of this they allow heat transfer through conduction, as many tile stoves had built-in platforms to sit or sleep on. Even if these platforms were not there, wooden benches were placed next to the stove so that one could lean against the warm (but not too hot) surface.

			Why We Also Need Modern Technology

			In conclusion, all historic heating systems used radiation and/or conduction as the primary modes of heat transfer, while convection was merely a by-product. It makes good sense to return to this concept of heating, but that doesn’t mean that we have to go back to using fireplaces and carrying burning embers around the house. While the old concept of heating is more energy-efficient, the same cannot be said of most of the old heating devices.

			Fireplaces, for one thing, are hugely inefficient, because most of the heat escapes through the chimney. They also suck in large amounts of cold air through cracks and gaps in the building envelope, which cools the air indoors and introduces strong drafts. Owing to this, fireplaces can even have negative efficiency as far as the air temperature is concerned: they can make the room colder instead of warmer. Stoves do better, but they remain relatively inefficient and have to be fired regularly, just like a fireplace. And for both options, air pollution can be substantial.

			The (improved) tile stove is the only ancient heating system that can still be recommended, but we have far more options now, such as electric and hydronic radiant and conductive heating systems. These are more efficient, more practical, and safer than the heating sources of yesteryear.
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					People gathering around a tile stove. Die Bauern und die Zeitung, a painting by Albert Anker,1867.
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					Kids sleeping on a tile stove. Auf dem Ofen, a painting by Albert Anker, 1895.
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					A bench with adjustable backrest. Dictionnaire de l’ameublement et de la décoration depuis le XIII siêcle, 1887-1890.
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					Young woman warming her hands, a painting by Caesar van Everdingen.
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					Dutch foot stove. The chess players, a painting by Cornelis de Man.
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					A Dutch foot stove.
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					A four-poster bed. CC BY-SA 3.0.
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					A sitting area close to the fireplace. Source: The English fireplace : a history of the development of the chimney, chimney-piece and firegrate with their accessories, from the earliest times to the beginning of the XIXth century. Shuffrey, L. A; Davie, W. Galsworthy. 1912.
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					An Afghan “Korsi.”
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					A Chinese Kang, photographed in the 1920s. “Wandering in Northern China”, Harry A. Franck.
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					A kotatsu in Japan. Image by Tim Notari (tastefulTN). CC BY-SA 2.0, Wikipedia Commons.
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					A sunken kotatsu in Japan. Image by 663highland (CC BY 2.5), Wikimedia Commons.
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					A kotatsu in a Japanese library. Image by Asturio Cantabrio (CC BY-SA 4.0), Wikimedia Commons.
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			Insulation: First the Body, Then the Home

		
			Modern thermal underclothing offers the possibility to turn the thermostat much lower without sacrificing comfort or sex appeal.

						February 2011

			You could fill a library with reports and books describing the importance of energy-efficient heating systems and home insulation. However, not a word has been said or written about the energy savings potential of clothing, even though there has been a lot of progress in this area too. Modern thermal underclothing offers the possibility to turn the thermostat much lower without sacrificing comfort or sex appeal. The potential energy savings are huge; the costs are almost nil.

			Space Heating

			Over the last decades, both the insulation of homes and the energy efficiency of heating appliances have improved considerably. These efforts have led to substantial energy savings in fuel consumption. In spite of population growth, higher comfort levels, and a trend towards building larger homes, total energy consumption for space heating by American households came down from 5.32 quadrillion Btu in 1993 to 4.30 quadrillion Btu in 2005. Similar trends can be seen in other industrialized countries.

			Nevertheless, space heating still consumes a huge amount of energy, which comes almost exclusively from fossil fuels. Moreover, these figures do not take into account the energy that was spent to demolish old buildings and build new, more energy-efficient homes. Research indicates that it can take thirty-five to fifty years before this embodied energy is recovered. This means that if a new, efficient building does not last that long, the result is more energy consumption, not less – though it will show up otherwise in statistics.

			Further improvements in energy-efficient buildings and heating systems can be expected, but apart from the embodied energy required to make the housing stock more efficient, there is an additional problem that prevents a fast and steep reduction in energy consumption: cost. Home insulation and energy-efficient heating appliances are expensive, which means that many people simply cannot afford the investment. There is also the problem of split incentives: the owner of a rented house has no financial incentive to improve efficiency if the tenant is paying the heating bills.

			Room Temperature

			There is another way to reduce energy consumption for space heating that does not have any of these disadvantages: lowering the thermostat and putting on more clothes. Although room temperature is hardly ever mentioned as a factor in energy use, it is a decisive factor in the energy consumption of heating systems. Precisely how much energy can be saved by lowering the thermostat depends on the outdoor temperature. In temperate climates, lowering the thermostat just 1 °C (or about 2 °F) yields an energy savings of about 7 to 10 percent.

			As far as I was able to find out, nobody has published a research report on the evolution of the average room temperature in winter throughout recent history. Today, the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) recommends an indoor winter temperature between 21 and 23 °C (70 to 73.5 °F). A Dutch report [4] mentions a rise in average winter indoor temperature from 20 °C in 1984 to 21 °C in 1992. David MacKay mentions an average room temperature of 13 °C (55 °F) in the UK in 1970. While these fragmentary data are far from sufficient to prove a rise in indoor temperatures, we can also count on the experience of many people who are old enough to remember that watching television in a t-shirt during winter is a relatively recent phenomenon. There seems to be no doubt that our comfort level has gradually risen because of better heating systems.

			Note that the reduction in energy use for space heating thanks to more efficient homes was less than twenty percent from 1993 to 2005. Lowering the thermostat by 2 °C (or 4 °F) would thus result in energy reduction comparable to that. Turning down the thermostat from 22° to 18 °C would initiate an energy savings of at least 35 percent. And, as we shall see, significantly lower indoor temperatures are perfectly possible without sacrificing comfort.

			The Body as a Heating System

			When discussing space heating, we overlook the fact that our own bodies are heating appliances too. The human body’s core temperature is 37 °C (98.6 °F), and much of the skin’s temperature is around 33° to 34 °C (92 °F). Because the temperature of the environment is often lower than that, our body constantly emits heat into the atmosphere. A small percentage of this heat is lost through breathing, but the largest part of heat loss occurs via the skin. To limit this heat transfer from the skin to the environment, most mammals (and birds) are covered with hair (or feathers). Humans do not have this protection and this is why we have resorted to clothing ever since we left our origins in Africa (where it was hot enough to survive without additional layers of clothing).

			Clothing does not produce heating by itself – it only prevents body heat from escaping into the environment. This happens by warming the layer of air between skin and clothing. Air is a relatively bad conductor of heat and therefore a good insulator. Exactly the same technique is applied when we insulate a home. The only difference is that in the case of a building we can use more rigid and bulky materials because a building does not have to move or feel comfortable. Naturally, insulation of the body is much more energy efficient than insulation of the space in which this body finds itself. Insulating the body only requires a small layer of air to be heated, while a heating system has to warm all the air in a room to achieve the same result.

			Thermal Properties of Clothing: the clo

			The insulating properties of clothing can be expressed in clo-units, where one clo equals the thermal insulation required to keep a resting person (for instance, a couch potato) indefinitely comfortable at a temperature of 21 °C (70 °F). The clo, which is of course derived from the word clothes, is not a standard international unit (the standard international unit of thermal resistance is m²K/W, where 1 clo corresponds to 0.155 m²K/W), but it has the advantage of being easily understood: one clo is equal to a man dressed in a three-piece business suit (shirt, trousers, suit jacket) and light underclothes. Burton, who defined the clo-unit, wrote in 1946:

			We found that we could explain even to a General or Admiral, without a course in physics for which he had neither the time nor patience, that his uniform had about one clo-unit of thermal insulation, his greatcoat another one clo-unit, and that together they provided him with a total of two clo-units.

			In Europe, a similar value was developed called the tog (British slang for clothes), which equals 0.645 clo. Both values can be compared to the R-value of building insulation materials, where 1 clo equals 0.88 R (or 1 R-value equals 1.137 clo). The clo is more commonly used than the tog, so we will stick to the American unit here. Clo-values are calculated by means of a thermal manikin.

			Maintaining Thermal Comfort

			The clo is an interesting unit because it allows us to precisely calculate which clothes we have to wear to feel comfortable at any given indoor temperature. According to the Encyclopedia of occupational health and safety, the required clo-value to maintain a neutral thermal sensation rises to about 2.7 at an indoor temperature of 10 °C (50 °F). When the indoor temperature drops to 0 °C (32 °F), the required thermal insulation rises to 4 clo. As a rule of thumb, each change of 0.18 clo units compensates for a 1 °C change in air temperature (according to the ASHREA).

			Alternatively, we can calculate the clo-value of any given piece of clothing and of any given clothing ensemble. The ASHREA, the ISO and some other research teams have compiled overviews that list hundreds of individual clothing pieces with their corresponding clo-values (see sources). A t-shirt with short sleeves has a value of about 0.10 clo, while a sleeveless undershirt offers about 0.06 clo. Knickers add about 0.20 clo. A short-sleeved shirt has a clo value of about 0.15 to 0.25, while a long-sleeved shirt offers about 0.20 to 0.30 clo.

			Long-sleeved sweaters offer 0.20 to 0.40 clo, trousers offer 0.25 to 0.35 clo, and a long skirt or robe 0.22 to 0.77 clo. Briefs add a thermal insulation of 0.05 clo, while socks add 0.04 to 0.10 clo. Long underwear offers 0.20 to 0.35 clo for the upper as well as the lower part. All these values can simply be added to calculate the total clo-value of a clothing ensemble. An alternative method is to measure the thickness of a clothing ensemble: every layer of 2 centimetres results in an approximate 1.6 clo-value.

			Clothing Insulation and Room Temperature

			From these data, it can easily be demonstrated how even slight changes in clothing insulation can have a profound impact on heating costs and energy use. A person wearing briefs (0.05 clo), light socks (0.05 clo), a t-shirt (0.10 clo), a heavy shirt with long sleeves (0.25 clo), a sweater (0.30 clo) and long pants (0.30 clo) is protected by a total thermal insulation of 1 clo, meaning that this person will remain comfortable hanging out in front of the television at a temperature of 21 °C(70 °F). However, without the heavy shirt and sweater, this value drops to 0.55 clo. This means that watching television wearing just a t-shirt requires an air temperature of 24 °C (75 °F) in order to maintain thermal comfort. This would lead to a rise in energy consumption of 20 to 30 percent.

			On the other hand, if this person combines his original ensemble (including heavy shirt and sweater) with a full set of long underwear, the clo-value rises up to 1.7, allowing the temperature to drop to about 17 °C (63°F), saving 30 to 40 percent on heating costs and energy use compared to the normal winter outfit, and saving 50 to 70 percent on heating costs and energy use compared to the outfit with only a t-shirt on the upper body.

			When we’re talking about common clothing, raising the clo-value of an ensemble basically comes down to adding more weight in clothes. A general rule of thumb is that the clo-value equals 0.15 times the clothing weight in pounds. Wearing 6.6 pounds (3 kg) of garments thus equals 1 clo. The relationship between thermal comfort and clothing weight explains why we tend to prefer a higher air temperature to adding more clothing. If we would like to stay comfortably warm at an indoor temperature of 0 °C (4 clo), we would have to wear 26 pounds (12 kg) of clothes. The US Army found in the 1960s that a maximum of 4 to 5 clo-units could be worn for a man to remain mobile and dexterous enough for military tasks. Additional clothing weight thus limits our freedom of movement, and even couch potatoes have to get up from time to time.

			However, things have changed. The military, space agencies and the sports clothing industry have considerably improved the warmth/weight ratio of clothing over the last decades. This has resulted in a very diverse and fashionable line of lightweight clothes with high clo-values. A great deal of this progress is due to the use of new, synthetic materials. Whi­le these have been used for all kinds of garments (sweaters, pants, jackets), their importance for indoor use is especially relevant in the case of long underwear. This clothing layer (which is actually worn in combination with briefs) has the largest potential to substitute a heating system.

			Thermal Underwear

			Because it fits tightly around the body, long underwear has an optimal pumping coefficient. The pumping coefficient is another factor that defines clothing insulation, in addition to the clo-value. It refers to the motion of air produced by wearer movement. Even couch potatoes move from time to time, and this activity can disturb the insulating air layer around the body, degrading thermal comfort at least temporarily. The pumping coefficient is much better for long underwear than for loose-fitting garments such as ponchos, wide pants, or thick knitted sweaters, so long underwear offers more thermal comfort even when clo-values are similar. Another factor is the chimney effect: even without wearer movement, loosely hanging clothes ventilate the trapped air layers, thus reducing insulation.

			Long underwear has more advantages over other clothing options. It does not hide your body shape and can maintain sex-appeal, a common concern for both men and women. It can easily be worn underneath normal clothing. And, last but not least, it can be worn in layers, further improving upon the insulation value: more air is trapped using several thin layers than by a single, bulkier layer. According to the US Air Force Survival Book, one layer of long underwear (long pants + long-sleeved t-shirt) equals a clo-value of 0.6, while two layers of long underwear add a clo-value of 1.5. In other words, the clo-value more than doubles by using two layers. Combine this outfit with a typical business suit (or a similar, more comfortable clothing ensemble), and thermal insulation rises to 2.5 clo, enough to keep a couch potato indefinitely comfortable at a temperature of only 12.7 °C (55 °F) – far below the common indoor temperatures of today. This clothing ensemble could yield a reduction in energy use for space heating of up to eighty percent.

			Unfortunately, the clo-values of modern thermal underwear have not been listed in well-documented overviews, as is the case for more common clothing options. Nevertheless, fragmentary information points to considerably higher clo-values than those for traditional long underwear. Calculations by well-informed amateur hikers show clo-values that are at least double those of the long underwear mentioned by the US Air Force (for instance, 0.66 clo for the upper piece alone). This would mean that the same thermal comfort could be achieved using only one layer of long underwear plus the equivalent of a winter business suit (2.5 clo at 12.7 °C), or that using two layers plus the suit could bring the comfort level for a resting person down to a temperature of 0 °C (wearing 4 clo of clothing).

			Another indication for the additional energy savings potential of high-tech long underwear are the clo-values of different materials. According to the Handbook of technical textiles, the warmth/weight ratios of pile fabrics like polyester and acrylic are 2.5 to 8 times higher than those of woven and knitted fabrics like wool or cotton (materials used for traditional long underwear). Quilt battings like Thinsulate offer warmth/weight ratios that are 13 to 17 times those of cotton and wool.

			Synthetic or Natural materials?

			Synthetic clothes are made from fossil fuels. When the clothing is used as a substitute for a heating system, the energy saved by lowering the thermostat is much larger than the energy required to manufacture the garments. Synthetic long underwear has a higher insulation value than many natural materials, it is more durable, and it can be very cheap. Nevertheless, there are disadvantages compared to natural materials: plastic fibre pollution, high fire sus­cepti­bil­ity, and a tendency to attract dirt. Synthetic thermal underwear should be washed regularly – a process that consumes energy.

			Synthetic clothes are not a necessity. Even the use of long underwear made from natural materials like cotton and wool has the potential for considerable energy savings. Cotton might have a relatively low insulation value, but a full layer of cotton long underwear will still add at least 0.4 clo to your thermal comfort – enough to lower the indoor temperature by 2.5 °C and save more than twenty percent on heating bills. Using wool can more than double this potential to about 1 clo for a full layer of long underwear (allowing for an indoor temperature reduction of more than 6 °C).

			Wool made a comeback as a material used for hiking and mountaineering clothes in the mid-1990s, at which point Icebreaker was the first manufacturer to position itself in the market with woollen thermic underwear. The company uses wool from the merino sheep in New Zealand, which produce some of the finest and softest wools available. Patagonia also offers a series of merino wool underwear, and several European manufacturers (Mammut, Woolpower and Helly Hansen) mix merino wool with synthetic materials. This leads to more durable clothing – wool wears out much faster then synthetic materials. An important advantage of wool over synthetic (and over other natural) materials is that it maintains a good smell for a very long time. Regular washing is not required. The largest disadvantage of merino-wool is the price: you won’t find a full set of long underwear for less than 200 euro. But again: this investment will quickly pay for itself if it allows you to lower the thermostat.

			Human Activity Indoors

			The most significant factor influencing thermal comfort – even more important than air temperature and clothing – is human activity or body heat production (the metabolic rate). For instance, while it takes twelve clo-units to keep a resting person warm at an extremely low temperature of minus 40 °C, this comes down to only 4 clo when this person is walking, and to only 1.25 clo when this person is running at 16 km/h. One of the most obvious reasons why our forebears could bear lower indoor temperatures, was that they were more physically active than many of us.

			It is telling that one defence mechanism of the body against cold is to increase its heat production. This happens first by muscle tensing and ultimately by shivering, which can increase body heat production by up to five times (from 100 watts at rest to about 500 watts). The metabolic rate also has a profound influence at non-extreme temperatures. While a resting person (like a couch potato) requires a thermal insulation of 2.7 clo at an indoor temperature of 10 °C (50 °F), this is lowered to only 1.7 clo when this person is engaged in very light activity (like typing, drawing or having an animated conversation).

			In this case, the combination of long underwear with the equivalent of a typical business suit suffices to keep him or her warm. As a general rule of thumb, each increase of 30 watts in heat production allows the comfort temperature to go down by about 1.7 °C. On the other hand, when sleeping instead of just resting, the required thermal insulation approximately doubles – for instance to 2 clo at a temperature of 20 °C. This is why sleeping bags can have thermal insulation of more than 10 clo-units.

			Personal factors other than clothing or activity can also contribute to thermal comfort. Men seem to tolerate lower temperatures than women, and both small children and the elderly need higher temperatures to sustain their thermal comfort. Research has shown that – even regardless of age and sex – different people prefer slightly different ideal temperatures. Furthermore, people also get used to prevailing temperatures, leading to clearly observable cultural differences. The clo-values given for different indoor air temperatures are thus not more than guidelines – personal differences will occur.

			Hands and Feet

			The clo-value refers to the whole body surface and thus includes heat transfer by exposed body parts (head and hands, in some cases also arms, legs, feet or torso). Both the clothing insulation and the skin coverage are important determinants of heat loss. In real life the two are correlated in the sense that winter clothing not only insulates better, but also covers a larger proportion of the body than summer wear. Hands and feet are always the first victims when thermal discomfort sets in. Together with the head and the neck, they lose more heat than other parts of the body.

			However, it is important to note that if the body as a whole is kept warm enough, hands and feet will not be greatly affected by lower indoor temperatures. Cooling down the extremities is yet another defence reaction of the body if the core temperature falls. This thermoregulatory mechanism – vasoconstriction – reduces the blood flow to the skin, improving skin insulation and thus limiting heat loss. It happens all over the body, but due to their small mass and large surface area, vasoconstriction has the most profound effect on the hands and the feet. At extreme cold temperatures, vasoconstriction can save your life – though it might cost you some fingers and toes, or worse. In order to maintain body core temperature (which is vital for survival), the body will sacrifice hands, feet and nose first, followed by the limbs. Because vasoconstriction only occurs when the core body temperature falls, it won’t happen if you’re dressed warmly enough. While insulating your neck and feet will greatly improve your thermal comfort, there is no need to wear gloves or caps indoors.

			In fact, it doesn’t matter very much which parts of your body you choose to insulate – the important thing is to limit total heat loss so that the body core temperature remains stable. For instance, if you prefer to wear a high-­­insulating cap indoors, you can pretty much forget about all the rest and be comfortable in relatively light clothes at low temperatures.

			Life without Heating?

			Of course, this article is not a plea to get rid of heating systems altogether, although in some climates this is clearly possible – saving not only heating costs but also the instalment of a heating system and other investments. However, for many of us, a heating system remains a necessity, if only because temperatures regularly drop below freezing point (water pipes would freeze over, and keeping full thermal comfort by clothing alone will become difficult). But even then, thermal underclothing could lead to an important reduction in energy consumption by making it possible to lower the average indoor temperature a few degrees and to shorten the heating season by a couple of months.

			The energy savings potential of clothing is so large that it cannot be ignored – though in fact this is exactly what is happening now. This does not mean that home insulation and efficient heating systems should not be encouraged. All three paths should be pursued, but improving clothing insulation is obviously the cheapest, easiest and fastest way. One final disadvantage is that visitors not wearing thermal underclothing will feel uncomfortable at your place, even if you and your family are feeling all right. Offering casual visitors an extra layer of thermal underwear might not always be an option.
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					Clothing insulation for different types of outfits. From Work Design, Stephan A. Konz, 1979.
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			The Revenge of the Hot Water Bottle

		

		
			Imagine a personal heating system that works indoors as well as outdoors, can be taken anywhere, requires little energy, and is independent of any infrastructure. It exists – and is hundreds of years old.

						January 2022

			A hot water bottle is a sealable container filled with hot water, often enclosed in a textile cover, which is directly placed against a part of the body for thermal comfort. The hot water bottle is still a common household item in some places – such as the UK and Japan – but it is largely forgotten or disregarded in most of the industrialised world. If people know of it, they usually associate it with pain relief rather than thermal comfort, or they consider its use an outdated practice for the poor and the elderly.

			Nevertheless, when I sent two dozen hot water bottles to friends and family as a Christmas present, the reactions were almost unanimously enthusiastic. People show themselves very much surprised that such a humble object can provide so much comfort. Because I don’t have the time nor the budget to send hot water bottles to everyone, I have written this article. It’s largely based on my personal experience – I have been using hot water bottles for many years and they are the only heat source in my apartment.

			The History of the Hot Water Bottle

			Croat inventor Eduard Penkala patented the rubber hot water bottle – which he dubbed the “Termofor” – in 1903. However, it did not come out of nowhere. In fact, the history of the hot water bottle goes back thousands of years, albeit in different guises.

			The first “hot water bottles” – quite literally – were other people and animals. Since time immemorial, people have warmed themselves by huddling together. For example, it was common for the whole family to sleep together in the same bed – and this included potential visitors. [1] People also took advantage of the heat from animals – “hot water bottles” with a standard fur cover.

			They snuggled up against cows and pigs, which were either sharing the living space or lived in the stables below it. In the eighteenth century, wealthy women kept specially bred “hand dogs” – toy poodles – around to keep their lap and hands warm. [2] Personal heating devices also took the form of objects – stones, bricks, potatoes – that were heated in or near the fire, wrapped in cloth or paper, and kept in people’s laps, in pockets, or in the bed.

			As early as the 1500s, people started to use all kinds of portable containers filled with hot coals from the fire. These were used as foot warmers, hand warmers, and bed warmers. [3] Most were made of metal, either brass or copper, and placed inside wooden or ceramic enclosures to prevent skin burns. Over time, hot coals were replaced by hot water, which is a cleaner and safer heat storage medium.

			Initially, these first “real” hot water bottles were made from hard materials such as glass, metal, or stoneware. It was only with the invention of vulcanised rubber in the nineteenth century that more comfortable lightweight and flexible hot water bottles became an option. Spanish friends told me that hot water bottles used to be made from animal skins, but I could not verify this. It may well be true, because all over the world there’s a long tradition of using “water skins” for storing liquids.

			Hot Water Bottles Today

			The classical hot water bottle for sale today is either made from rubber or PVC plastic. The latter material has few advantages. It’s often a bit cheaper and can be made transparant, but unlike rubber it contains toxic chemicals (which make the plastic flexible). A third option – a bit harder to find – are plastic hot water bottles without chemical softeners, which are rigid instead of flexible.

			The distinctly shaped Japanese hot water bottle – the “yutampo” – is usually of that type. Its use dates back to the fifteenth century when it was made from metal or stoneware. Of course any sealable container can function as a hot water bottle. I have successfully used metal drinking bottles and even plastic PET-bottles – more about those later.

			The typical hot water bottle has a rectangular shape and holds up to two litres of water. However, in spite of its dull image, the hot water bottle has seen some interesting innovations lately. A first novelty are much smaller rectangular bottles, which hold between 0.2 and 0.8 litres of water. Judging by their covers, these are mostly aimed at children, but they can be just as useful for adults who can carry them in pockets or put them inside clothing.

			There are now also larger hot water bottles available, which hold up to three litres of water or more. Finally, the most successful novelty has the form of a hot dog: it’s a hot water bottle 80 centimetres long. It can be tied around the waist but is just as practical as a companion on the couch or in the bed. It can easily be shared by two people and its shape makes it luxuriously comfortable. It holds up to two litres of water.

			How to Use Hot Water Bottles?

			People who know hot water bottles usually think of them as bed companions. However, they can keep you warm wherever you are, throughout the day. This includes the sofa, of course, but you can also surround yourself with one or more hot water bottles when seated at a desk or a table.

			I use one, two, or exceptionally three hot water bottles simultaneously, depending on the indoor temperature. They usually end up in my lap, behind my lower back, and/or under my feet. Although only some body parts are directly heated, the warmth from the bottle(s) is distributed throughout the body by skin blood flow.

			Hot water bottles can be combined with a blanket, which further increases thermal comfort. If I put a blanket over the lower part of my body when seated at my desk, it traps the heat from the bottles and keeps them warm for longer.

			Even better is a blanket with a hole in the middle to stick your head through – a basic poncho – or a blanket with sleeves. If it’s large enough, it creates a tent-like structure that puts your whole body in the warm microclimate created by the water bottles. Draping long clothes over a personal heat source was a common comfort strategy in earlier times.

			You can go one more step further and put a large blanket over the desk or table and then put your legs underneath it. Such heating arrangements have been used in different parts of the world, usually with hot coals as the heat storage medium. Examples are the Japanese “kotatsu”, the Middle-Eastern “korsi”, and the Spanish “brasero de picon”.

			The first two are rather low to the ground – people sit on the floor – while the latter fits the common seat height in the Western world. It’s easy to build such a heating arrangement – and a few hot water bottles are the ultimate heat source for it.

			Hot Water Bottles Outdoors & on the Move

			The arrangements described above only work for people who stay in one place. The need for an external heat source decreases when we move around and are physically active, because our body produces more heat.

			Nevertheless, hot water bottles can also keep you warm when you are standing up doing things or when you are moving through a space or a building. They can be worn underneath clothing or even put in specially designed pockets or backpacks. A small backpack holding a hot water bottle – positioned between the shoulder blades – also works great while sitting on a chair.

			Hot water bottles work both indoors and outdoors – provided that the body is protected from wind and rain – or indoors with the all the windows open. Modern central heating systems provide thermal comfort mainly by heating the air in a space, an approach that obviously won’t work well outdoors or in a well-ventilated indoor space. In contrast, hot water bottles transfer heat directly to people through physical contact (a heat transfer method called “conduction”). They heat people, not spaces.

			This makes hot water bottles a safe and sustainable alternative for terrace heaters in bars and restaurants. The investment is minimal: a collection of hot water bottles and a kettle – the water can be re-used over and over again. Alternatively, everyone could bring their own hot water bottle and fill it up on the terrace.

			One could take this idea even further and envision a public infrastructure for refilling hot water bottles, not just on bar terraces but in multiple locations such as schools, offices, and public buildings. [4] People could gather around the hot water dispenser just like they gather around the water cooler.

			Historically, hot water bottles – and their predecessors using hot coals – were also taken out of the house. Their use was common in coaches and trains, as well as in churches, which were unheated. Smaller hot water containers with carrying strings and fabric covers were put into fur muffs or pockets. Nowadays, you could also store hot water in a vacuum flask and then pour it into a hot water bottle hours later.

			900 Hot Water Bottles per Day: Energy Savings

			Unsurprisingly, there’s little – or actually no – academic research into the energy savings potential of hot water bottles. Instead, in recent years scientists have investigated more sophisticated personal heating devices such as electrically heated desks and seats, radiant heat bulbs, or battery-powered heat pillows. [5][6][7]

			These alternatives look needlessly complex in comparison to the hot water bottle. Water can be heated in many ways both high-tech and low-tech, and containers can be made from locally available materials.

			Nevertheless, these studies show that personal heating sources with similar effects as hot water bottles could save a great deal of energy while maintaining and often even improving thermal comfort. For example, one study revealed that lowering the air temperature in an office from 20.5°C to 18.8°C (69°F to 66°F) and giving employees a heated chair to compensate for the discomfort leads to 35% less energy use and consistently higher scores for thermal comfort.

			There are few interventions in the building envelope that can achieve such large energy savings for such a small investment, and yet the decrease in air temperature was far from radical in this experiment. If personal heating devices would be combined with a change in clothing insulation and/or blankets the energy savings could become much larger still.

			Another way to investigate the energy savings potential of the hot water bottle is to calculate how much energy it takes to prepare one and compare that to the energy use of a central heating system. Because rubber or PVC bottles can only be filled up to two-thirds for safe and comfortable use, I assume a somewhat larger model – 3 L – which can hold two litres of water in practice. This makes the calculation also valid for containers that can be filled completely, such as the Japanese yutampo. 

			It takes 4,200 joule to raise the temperature of 1 litre of water by 1°C, meaning that heating two litres of water from 10°C to 60°C (50°F to 140°F) requires 420 kilojoule or 116.7 watt-hours. In comparison, the average household energy use for gas heating in Belgium – which has a moderate climate – is 20,000 kWh per year. Assuming that the average Belgian heating system is used for six months per year, daily energy use corresponds to 109.6 kWh per day. This energy could heat roughly 900 water bottles per day – enough to keep the whole neighbourhood comfortable. Imagine that four household members each use two hot water bottles simultaneously and reheat them every two hours throughout their waking hours (16 hours). Total energy use is then below 4 kilowatt-hours, almost 30 times less than the heating energy consumed by the average Belgian household.

			This is not to suggest that hot water bottles need to replace a central heating system. The rather short and mild winters here in Barcelona allow me to use hot water bottles as the only heating system because it rarely gets colder than 12°C (54°F) in my unheated apartment. In less hospitable climates, hot water bottles can be combined with a central heating system. The hot water bottles create islands of thermal comfort for low metabolism activities while the rest of the indoor space is comfortable to move through or be physically active in.

			Safety

			Hot water is a safer heat storage medium than hot coals, but it is not without its risks and hot water bottles need to be used carefully. They carry the instruction not to use boiling water, which is very sound advice, but hot water doesn’t need to boil to be dangerous. Water above a temperature of 60°C (140°F) can scald you and lead to very serious injuries. Therefore, it’s recommended to use only hot tap water, or any other hot water source below 60°C. This temperature is sufficiently high to make you comfortable and the only advantage of using hotter water is that you need to reheat it less often.

			Too hot water can hurt you in several ways. First, there’s always a chance you spill water on your hands while filling the bottle. Second, a rubber or plastic hot water bottle can start leaking, either through the cap or through the seams. Third, and this is the worst-case scenario, a hot water bottle can burst and release two liters of hot water on your body. Such accidents are rare, because nowadays hot water bottles are made according to quality standards. However, they do occur, usually because the bottle has worn out. 

			To safely use rubber or PVC hot water bottles at higher water temperatures, it’s important to replace them after a few years of use, and to store them properly. If you really want to use higher water temperatures, metal hot water bottles – inside a cover to prevent skin burns – are the safest option. However, if you keep the temperature below 60°C (140°F), the worst-case scenario is just getting wet. If you use PET-bottles, you should surely stick to this maximum temperature, because at higher temperatures they could melt. Furthermore, a PET-bottle should not be used for drinking after it has been used for heating, because the higher temperatures may release chemicals in the water.

			Water Use & Infrastructure

			Hot water bottles also require a source of water. It’s possible to reheat the same water over and over again, thus limiting the water use to a few litres during the lifetime of the bottle. However, that’s not always the most practical solution. In modern households, hot water can be sourced from an electric kettle, a pot on the cooking stove, or the hot water tap. Although hot tap water is the safest source of water for a hot water bottle, once the water has cooled down there’s no way to get it back into the pipes for reheating. Furthermore, it takes time before the water comes up to temperature, meaning that more than two litres of water will be consumed.

			Using an electric kettle – or a pot on the cookstove – makes it easy to reuse the same water over and over again, but it faces some problems too. First, if your electric kettle does not come with a programmable water temperature, you need to make sure the water does not get too hot. I solve this by dipping the probe of a digital thermometer in the kettle while warming the water. Second, if you reheat the water from rubber bottles, the kettle (or pot) can no longer be used to heat water for human consumption because it will taste bad. So, either you use a separate kettle for use with hot water bottles, or you warm the water in the only household kettle and discard it after use.

			Even if the water is not reused for other purposes (such as watering the plants) the waste is quite limited. The average shower consumes enough water to fill 37 hot water bottles. Likewise, the energy use of the average shower corresponds to the energy use for heating 17 hot water bottles (which use water with a higher temperature than a shower). Consequently, even a slightly lower shower frequency easily provides you with the water and energy for continuous hot water bottle use.

			Cold Water Bottles

			Hot water bottles can be used for cooling as well. In this case, they are filled with cold water or put in the freezer. Cooling people is much more energy efficient than cooling spaces. I don’t have air conditioning and rely entirely on fans and cold water bottles in summer, when temperatures are usually above 30°C. I use “cold water bottles” in a similar fashion to hot water bottles – they go into the bed, under my feet, or behind my back.

			For cooling I use plastic PET-bottles and metal drinking containers, not rubber water bottles as they get hard and brittle. Keep in mind not to fill the bottle completely – water expands when it’s frozen – and to put the bottle inside a protective cover to prevent iceburn. Also keep in mind that they will get a bit wet on the outside as the ice melts – although this effect only enhances the cooling. Like hot water bottles, cold water bottles work outdoors as well as indoors.
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					An example of a hot water bottle in common use in households in the mid 20th century before the use of rubber ones (1940s, Melbourne, Australia). Source: Victorian Collections.
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					A foment can is filled with hot water and used very much like a hot-water bottle to apply warmth to the body. Fomentation actually means “to apply warm liquids to treat the skin.” This oval-shaped can is curved to fit the body. Maker: Kenworthy Son and Company. Place made: Southport, Sefton, Merseyside, England, United Kingdom. Source: Science Museum, London. (CC BY 4.0).
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					Hexagonal hot-water bottle, Austria, 1791-1798. This hexagonal hot-water bottle is made of pewter and is engraved with a forest scene. Source: Science Museum, London. (CC BY 4.0).
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			This foot warmer (made in 1927) was used to give warmth and comfort to patients who were resting in the hospital wards. Made from tinned iron, the warmer would have been filled with hot water and secured with a cork. Place made: Glasgow, Scotland, United Kingdom. Source: Science Museum, London. (CC BY 4.0).
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			French foot warmer, date unknown. Source: Musée Départemental Albert Demard  
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					Rubber and PVC hot water bottles. Image by Marie Verdeil.
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					Rubber hot water bottles. Image by Marie Verdeil.
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					A Japanese hot water bottle, or yutampo, made of hard plastic. Source: All About Japan.
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					The Japanese yutampo is still available in metal. Source: Maruka.
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					Stoneware Queens Muff Warmer. Source: Antiques Atlas.
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					Curved rectangular hot-water bottle, France, 1751-1810. Made of pewter, an alloy of tin and lead, this hot-water bottle is engraved with birds and plants and has a curved shape to fit close against the body. Source: Science Museum, London.
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					Advertisement for Westbrook &amp; Thompson Ltd&rsquo;s &lsquo;Cosimax&rsquo; hot water bottles, made with Dunlop rubber. 1938. Science Museum / Science & Society Picture Library. Source: https://www.ssplprints.com/image/95677/sleep-well-hot-water-bottle-august-1938.
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					The Jayne Mansfield Hot Water Bottle hit the market in 1957. The Mansfield figure—in a pin-up pose with hands behind her neck and wearing a painted-on black bikini—is made of “blushing” pink–colored plastic with a screw-on “hat” cap and measures close to two feet head-to-foot. Source: https://vintagenewsdaily.com/at-the-height-of-her-career-in-the-1950s-jayne-mansfield-even-modeled-for-this-awesome-hot-water-bottle/.
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					Stoneware hot water bottle (1901-1910). Source: Auckland War Memorial Museum
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					The Japanese offered guests a small roundish ceramic pot with fuel inside, called a “te-aburi”. Copper or bronze box-shaped hand warmers a few inches across, often with perforations and carrying handles, were called “shou lu” in China. Image in the public domain. Read more: https://homethingspast.com/2011/11/26/hand-warmers-muff-warmer/.
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					A blanket traps the heat of hot water bottles. Illustration by Marie Verdeil.
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					Hot water bottles provide thermal comfort with all the windows open. Illustration by Marie Verdeil.
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					Hot water bottles could save a great deal of energy and money without sacrificing thermal comfort. They work both indoors and outdoors. Illustration: Marie Verdeil.
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			Energy labels oblige frugal homeowners to make unsustainable investments

		

		
		
			The potential energy and cost savings of home renovations are calculated based on a theoretical energy consumption, but research shows that actual energy consumption in buildings is much lower.

			
			January 2018

			The heating of buildings takes a big bite out of total energy consumption in Europe. In 2002, the European Commission therefore drafted a directive requiring member states to improve the energy efficiency of buildings (Energy Performance of Buildings Directive, or EPBD). This is done partly by introducing energy labels for existing homes, and partly by imposing increasingly stringent standards for new builds and for renovations of existing homes. 

			From 2021, only “near-zero energy” homes may be built, in which the little energy needed for heating, ventilation, cooling and hot water is obtained from renewable energy sources. The directive encourages a range of technological solutions, such as thermal insulation (of walls, floors and roofs), double, triple or quadruple glazing, efficient boilers or heat pumps, and mechanical ventilation systems.

			For example, in the Netherlands, the certification of existing houses was established by the Decree and Regulation “Energieprestatie Gebouwen” (BEG & REG). Houses are divided from class A (very economical) to class G (very inefficient), a system inspired by the energy labelling of appliances. The measure of energy efficiency for new homes and conversions is regulated by the “Energie Prestatie Coëfficient” (EPC), which culminates in “near-­energy-neutral” homes in 2021. 

			To simplify, in the rest of the article we lump all these three-letter words together and call them “energy labels”. All regulations and decisions on the energy efficiency of homes – both inside and outside the EU – boil down to encouraging or mandating thermal insulation and efficient heating systems. 

			Theoretical Versus Actual Energy Consumption

			An energy label indicates how energy-efficient an existing home is, or how energy-efficient a new home will be. The evaluation of a home or building plan is carried out by an energy expert and results in a theoretical energy consumption. The potential energy savings of thermal renovations or low-energy new construction, as well as the payback period of the investments, are based on this theoretical energy consumption. 

			However, research in several European countries has shown that the predicted energy consumption differs greatly from the real energy consumption. Al­though different calculation methods are used, the results of the studies are strikingly similar.

			Germany

			A study of 3,400 German homes – representative of the entire housing stock – concluded that the average measured consumption for all homes combined was 30% lower than the estimated energy consumption: 150 kWh/m2/year instead of the calculated 225 kWh/m2/year. [1] Furthermore, the difference between actual and calculated energy consumption increases the less efficient the dwelling is. For homes with estimated energy consumption of 150 and 300 kWh/m2/year, actual energy consumption is 17% and 40% lower than calculated consumption, respectively.

			For the least efficient houses (>500 kWh/m2/year), the actual consumption is on average 60% lower than the theoretical consumption. However, on the other hand, in houses with an energy label A (75 kWh/m2/year), the actual consumption is on average 30% higher than the estimated consumption. All in all, there is relatively little difference in average, measured energy consumption between German homes with very different energy labels: it fluctuates between 100 and 200 kWh/m2/year. 

			At the same time, there are also large differences – up to 600% – in actual energy consumption between individual houses with the same energy label. The study makes a comparison per square metre of floor space, so this difference is not caused by the size of the house. [1]

			Netherlands & Belgium

			A number of Dutch studies reached similar conclusions. A study of 4,700 homes – respresentative of the entire housing stock – found that measured consumption for all homes combined was on average 30% lower than predicted consumption. For each individual dwelling, actual energy consumption could be up to 75% higher or lower. [2] More recent Dutch studies based on a much larger database of homes give almost identically the same results as the German study: in the most inefficient Dutch homes, up to 50% less is consumed than predicted, while in the most efficient homes up to 25% more energy is consumed than predicted. [3]

			Finally, a study of 964 Belgian homes also produced very similar results, again using a different calculation method, as the scientists made a comparison based on the insulation value of the home. In the worst-insulated houses (U-value of 1.6W/m3K), the actual energy consumption is 45% lower than the predicted energy consumption, while in moderately insulated houses (0.6W/m3K) it is 25% lower. Then again, in the best-insulated houses (<0.15W/m3K), the measured energy consumption is 15% higher than the predicted energy consumption. [4]

			Calculation Errors

			Not all these results can be readily compared, partly because hot water is sometimes taken into account and sometimes not. But the conclusion is clear: the theoretical or predicted energy consumption in a home differs significantly from the actual energy consumption. Why is this?

			A first explanation is wrong estimates of the energy efficiency of homes. The software used to calculate a home’s energy consumption may be inaccurate or poorly used. [5] In addition, the thermal efficiency of new technology or new materials is not always well established, and there is not always unanimity on the properties of both new and old building methods.

			Some criteria are very debatable: for example, for the thermal insulation of the building envelope in an old building, estimates are often made based on the year of construction, which is little more than a guess. Recent research argues that the average insulation value of solid walls was underestimated for years. The authors conclude that based on their findings, millions of old buildings should in fact be given a better energy label. [6]

			Heat Demand

			A second explanation for the large difference between predicted and measured energy consumption is occupant behaviour. Energy consumption for heating depends not only on the energy efficiency of the house, but also on the heat demand.

			In turn, heat demand is determined by the number of heating hours per year, the desired indoor temperature, the number of rooms heated, the interior of the building (floor coverings, curtains), heat production from appliances, clothes worn, physical activity, use of personal heating or insulation sources such as hot water bottles and blankets, and the weather. [7]

			With the exception of the weather, all these factors that determine heat demand are conveniently ignored or standardised when calculating theoretical energy consumption and assigning energy labels. That is problematic because the research results show that there is also a clear relationship between the efficiency of the house and the heat demand: the less energy efficient the building is, the more people search for thermal comfort in other ways.

			Room Temperature

			Some standardised assumptions lead to obvious overestimates of heat demand. For example, mathematical models assume that the entire house has an indoor temperature of 18°C (65°F). However, research shows that many bedrooms are not or rarely heated, and the average temperature in reality is much lower. [4] Old homes that only have a local heating source in the living room (as it used to be the custom) cannot even technically heat the whole house to 18°C. [3]

			It is therefore to be expected that the more inefficient the house is, the lower the indoor temperature will be. The difference between predicted and actual energy consumption in Dutch houses with “energy label G” corresponds to a reduction of the indoor temperature in the entire house from 18 to 12.4°C (65° to 55°F).

			On the other hand, in an efficient house with central heating, there is a chance that the indoor temperature will be higher than 18°C. For houses with “energy label A”, the difference between predicted and actual consumption in Dutch houses corresponds to an increase in the indoor temperature in the entire house from 18 to 20.7°C (65 to 70°F). [3]

			Incidentally, these results do not mean that many of these people cannot pay their energy bills. The homes surveyed are representative of the entire housing stock, and include affluent households that consume less energy than their energy label indicates.

			Overestimating Energy Savings

			According to policy, energy labels are not meant to measure actual energy consumption and serve only to compare homes. In that sense, energy labels can indeed be useful. The problem is that policy does rely on predicted energy consumption to calculate the savings potential and payback period of thermal renovations and new construction, and consequently comes out with questionable figures.

			For example, let’s assume that a house with a predicted consumption of 500 kWh/m2/year consumes only 225 kWh/m2/year, in line with the study results. A major renovation makes this house more energy efficient, with a predicted energy use of 250 kWh/m2/year. According to the policy, 250 kWh/m2/year is then saved, but in reality the consumption is higher than before (250 versus 225 kWh/m2/year). If the energy consumption after the refurbishment is also lower than predicted (about 165 instead of 250 kWh/m2/year, in line with the survey results), even then the savings are considerably smaller than what the figures would lead us to believe (65 instead of 250 kWh/m2/year).

			Looking at the entire housing stock in these studies, the actual energy consumption is 30% lower than the predicted energy consumption. From this, we can conclude that the savings from thermal renovations and efficient new construction are overestimated by about 30%. However, it’s worse that that, because we must also take into account the energy it costs to carry out thermal renovations or new construction: producing, transporting and installing thermal insulation, efficient heating appliances and triple glazing requires energy. That invested energy consumption should be subtracted from the energy savings.

			In cases where actual energy consumption is much lower than calculated, as is the case in many inefficient homes, this can cause the energy efficiency to become negative: the supposedly efficient measures actually cost more energy than is saved over the lifetime of the technology. In renovation or new construction, frugal residents may therefore be forced to adopt unsustainable measures.

			Underestimating Economic Payback Times

			Energy labels saddle homeowners with additional costs, whether for new construction or renovation. The European directive therefore states that investments should be able to be recovered in a reasonable period of time through lower energy bills. In short, energy labels promise a win-win situation: homeowners save money (in the long run) and energy consumption goes down. Moreover, owners have little other choice: non-compliance with the legislation attracts fines.

			Unfortunately, the economic payback period is also based on predicted energy consumption. The higher the initial heat demand, the greater the energy savings and the shorter the payback period of an investment in energy-efficient technology. And vice versa, of course: if the heat demand is lower than predicted, the economic payback period of the investment becomes longer. Households that are thrifty with energy are thus forced into uneconomic investments.

			The Dutch study of 4,700 homes shows that no single energy efficiency measure is economically viable for all households. The best results are for post-insulation of air cavities, energy-efficient heaters and insulated windows, whose investment is financially profitable for 61-69% of Dutch households. All other measures (mechanical ventilation, solar water heater, external wall insulation, roof insulation and floor insulation) are economically profitable for less than 30% of Dutch homes. [2]

			A similar conclusion applies to energy-efficient new buildings. Because in this case the actual energy consumption is usually higher than the predicted energy consumption, the additional investments in energy-efficient new construction do not bring the expected savings, and the economic and energy payback time is prolonged.

			How to Measure?

			In short, high thermal standards and energy labels based on theoretical calculations do as much harm as good. The energy savings are a lot smaller than suggested, and a significant proportion of households are forced to make unprofitable and unsustainable investments. Moreover, the policy leaves heat demand untouched.

			The solution may be that policies are based on actual energy consumption. This can be done in two ways. First, the results of these studies could be taken into account. For example, since actual consumption in homes with an energy use of 500 kWh/m2/year is on average 60% lower than predicted, potential energy savings could be calculated on that figure (215 kWh/m2/year). A similar correction is now made based on weather conditions.

			The policy could also assess on a case-by-case basis. The information for this is available: the energy bill of the household in question. Thus, whether a household would be obliged to carry out thermal renovation could be determined simply by looking at its energy bills for the last few years. However, such a policy would be difficult to implement with new builds or when the composition of the household changes.

			Either way, a policy that takes into account real energy consumption kills two birds with one stone. First, the energy savings and cost-effectiveness of thermal renovations and new construction would improve, as they would no longer be carried out for homes where they do not make sense. Second, this way, households would also be motivated to consume less energy – which is currently not happening in any way.

			This article appeared in Dutch in 2018. It was translated to English and edited in 2023.
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			How energy-efficient a home is depends not only on the energy label but also on the lifestyle. Illustration by Marie Verdeil.
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			How to keep Warm in a Cool House

		

		
			If we are looking for quick and substantial energy savings for existing buildings, then local heating systems deserve our closest attention.

						 March 2015

			A well-insulated modern building can lower energy use spectacularly, to the point that there’s no need for a heating system: the heat produced by people, electric devices and the sun can ensure thermal comfort. Orientating a building towards the sun is another important design element that can render heating redundant. For new buildings, the design and the orientation are much more important factors for energy efficiency than the choice of the heating system, if that’s needed at all. 

			When we talk about existing buildings, however, things are different. There are se­­veral methods for insulating older buildings, but their effect on energy use is usually limited in comparison to what a new building can achieve. What’s more, insulating existing buildings can be expensive and some of the easier-to-apply methods can cause problems, such as crack formation, frost damage, mould and rot. [1] And, of course, it’s not easy to re-orientate an existing building toward the sun.

			If we rely solely on insulation, solar energy and sustainable architecture, it would take too much time to address the high energy use of buildings. Based on the current yearly number of new construction in the Netherlands, it would take 88 years before the Dutch building stock would meet today’s strict insulation standards, for example. [1] And that doesn’t take into account the energy required to demolish old buildings and build new ones. [2] If we are serious about reducing our dependence on fossil fuels, we’ll also need to find affordable short-term solutions that can lower energy use in existing buildings.

			Local Heating as an Alternative or Complement to Insulation

			One previously discussed solution is clothing. Insulating the body is more efficient than insulating a building, and thermal underclothing is particularly effective. Here, we discuss another solution, which can be applied on its own or in combination with better clothing: local heating. While local heating systems could improve thermal comfort and energy efficiency in most types of buildings, they are extra advantageous in older, uninsulated buildings.

			In a report for Historic Scotland titled “Keeping Warm in a Cool House”, researcher Michael Humphreys advocates a return to the old-fashioned way of heating, combined with modern heating devices, in historic buildings throughout Scotland (some 20% of the total housing stock). Humphreys argues that this approach should be considered more often at the expense of thermal insulation, which is more expensive and changes the character of a building. [3]

			He proposes a hybrid system in which an air heating system delivers a “background temperature” of about 16ºC (61ºF), a sufficiently high temperature for household activities. For sedentary activities like reading, studying or watching television, local heating systems provide thermal micro-climates of 21-23ºC (70-73ºF) using radiant heat sources.

			A hybrid system has interesting advantages. Because air heating is so inefficient—the whole volume of air in a space has to be warmed – large energy savings can be obtained even if the thermostat is turned down just a few degrees. At the same time, the background temperature delivered by the air heating system improves thermal comfort because the difference in climate between local hot spots and the rest of the room (the “radiant temperature assymetry”) becomes smaller.

			Local insulation, in the form of hooded chairs and folding screens, can further protect the body from the colder parts of the space, increasing comfort in an uninsulated building. Finally, in a hybrid system, the local heating sources should not be dimensioned for exceptionally cold periods, and the air heating can be of a lower capacity. [3]

			Energy Savings

			According to Humphreys, local heating can save 30-40% of energy compared to air-heating alone, taking into account the (primary) energy use of the local heating sources. In an old, uninsulated building in Scotland, he calculated, a vertically positioned radiant heat source needs to provide 425 watts per person to achieve the desired microclimate at a background temperature of 16ºC (61ºF). [3]

			Using local insulation—an antique hooded chair—this comes down to 340 watts per person, which can be provided by a radiant heating panel of only 60x60 cm. In his experiments, Humphreys makes use of outdated radiant heating systems from the 1970s, so that his results may be on the conservative side. [3]

			Conductive heating systems can be even more energy efficient. According to a recent study, a heated office chair can keep 92% of subjects (with clothing insulation of 0.8 clo) comfortable at an operative temperature of 18ºC (64ºF), while 74% of subjects are still comfortable at only 16ºC (61ºF). The desk chair itself uses only 16 watts (around 30-40 watts primary energy if electricity is generated by fossil fuels), demonstrating the effectiveness of heat transfer through conduction. [4]

			Open the Windows

			Local heating can provide a healthier indoor climate compared to air heating. Indoor air pollution is a growing problem for two reasons. Firstly, people spend more and more time indoors: up to 90% of their lives in the western world. Secondly, building materials and household items have become increasingly polluted. Harmful chemicals can be expelled from building materials, furniture, and household cleaning products, while additional pollution is generated by human activities (mainly cooking and smoking), and by the intrusion of outdoor pollutants. [6]

			Local heating is better combined with natural ventilation than air heating. When we heat a space by air, the medium for heat storage is also the medium for ventilation. Measures that improve the efficiency and comfort of air heating, such as making a building air-tight, have a negative impact on the health of the indoor environment, while measurs that promote a healthier indoor climate, such as regularly opening the windows, are detrimental to the efficiency and comfort of the heating system.

			With local heating, the air is not the medium for heat storage. Heat is directly transferred to people. Every radiant or conductive heating source also heats the air, so it will still cost energy to open the windows and bring in fresh air. However, since local heating provides thermal comfort at cooler air temperatures, it will cost less energy to bring in more fresh air. It’s an alternative to complex and costly mechanical ventilation systems, which work good if they are built, used and maintained as they should be, but can actually worsen the indoor climate if that’s not the case.

			Thermal Comfort in Shared Spaces

			The obvious downside of local heating is that you are tied to a certain space when you want to be comfortable. The great advantage of air heating—at the expense of very high energy consumption—is that the warmth is distributed uniformly across the space, at least on the horizontal plane, so that thermal comfort is independent of your location. However, the fact that local heating fixes you at a certain point in space is not as disadvantageous as it might seem, and it actually brings an important and unexpected benefit: more comfort, at least in shared spaces.

			The uniform comfort temperature prescribed by international comfort standards is aimed at people in rest (activity level of 1 “met”, which corresponds to “seated, quiet”). However, an increase in activity has a profound effect on comfort. If the metabolism increases from 1 to 2.2 met (“seated, heavy limb movement”) or 2.7 met (“house cleaning”), the ideal comfort temperature decreases to 13ºC (55ºF) and 9ºC (48ºF), respectively. Consequently, in an air-heated space with a uniform temperature prescribed by international comfort standards, the person sitting in the couch watching TV could be comfortable, but the person typing might be slightly hot and the person cleaning the room or performing an animated conversation could be sweating. 

			In a space that is heated by radiant and conductive heating sources, everybody can find the thermal comfort that suits their needs best. While this still implies that you are tied to a certain spot in order to be comfortable if you are inactive or performing light activity, it’s very common even with air heating to be in a specific location for extended periods: on the couch, at a desk, at the kitchen table. There are many places in a room where we are never at rest, and so there is no need to heat them to the same temperature.

			People not only differ in their activities, but also in their clothing and personality. When performing similar activities and wearing similar clothes, the difference in neutral temperature between individuals can still be as high as 5ºC. [7][8] In an air-heated space, these people are condemned to a thermal climate that’s the same for everyone—a compromise. This fact is recognised by international comfort standards, which state that even at a “perfect” temperature a maximum of 80% of users will be comfortable. In other words, using modern heating systems, one in five will be too warm or too cold in the best case scenario. [3]

			In a space that’s warmed by local heating sources, occupants that are more active or better dressed can find a cooler spot, while those at rest, dressed lighty or extra sensitive to cold can find a warmer micro-climate. Personal control of the thermal environment can be organised in two ways: everyone regulates their individual comfort by means of a personal radiant and/or conductive heating source, or everyone “migrates” through a space that is heated by a central radiant heating source. Both methods can also be combined, as it was in the old days.

			Comfort Studies in Office Buildings

			The performance of local radiant and conductive heating systems, combined with a lower background temperature provided by air heating, has been most extensively researched in office environments. Most of these studies have concluded that personalised heating systems can lower energy use and simultaneously improve thermal comfort and overall performance. [8][9] In offices, a multitude of people share the same space for an extended period of time, without much or any personal control over their thermal environment. Research has shown that about one in two office workers is—year-round—unhappy with the thermal climate. [10]

			By providing each office worker with personal heating sources, everyone can decide the thermal environment they prefer. The systems under study are usually electric or hydronic radiant panels, which can be built into the walls of privacy cubicles, hung at the ceiling above office workers, or attached below the desk surface. These can be combined with conductive heating elements embedded into furniture. Systems that warm the hands and the feet usually work best, because these body parts are most sensitive to cold. Because personal heating systems can produce heat very quickly, they can be turned off automatically when the office worker leaves the desk, using energy only when it’s necessary.

			Of course, to be advantageous, the energy use of the personal heating sources should be smaller than the energy saved by turning down the thermostat a few degrees. Otherwise, thermal comfort might improve comfort but energy savings won’t materialise. This can happen when the air heating system has too little capacity (in which case extra energy use is expected), but it’s also possible that people start dressing more lightly because of personal energy sources, which can lead to more energy consumption.

			Adaptive Thermal Comfort

			Restoring the old concept of “heating people, not spaces” requires a new definition of thermal comfort. For all its advantages, the use of local heating systems doesn’t comply with international comfort standards, because the average temperature in the room will not obtain the minimum recommended values. The same goes for cooling: a space that is cooled by local cooling systems (such as fans) exceeds the maximal temperature values for summer comfort.

			Modern comfort standards don’t recognise the freedom to actively move throughout a space in search of thermal comfort, although this could have profound consequences for energy use while maintaining thermal comfort, write Humphreys and two of his colleagues in “Adaptive Thermal Comfort: Principles and Practice”. [11] We have been conditioned by ideas that comfort implies a steady temperature throughout a space, but this is an intrinsic feature of modern air heating and cooling systems, not a condition for feeling comfortable.

			In reality, we constantly adapt ourselves to the thermal environment, not only by moving between different thermal environments, but also by changing clothes or our activities, by opening or closing windows or curtains, by consuming hot or cold drinks, by changing posture, and so on. Field studies have demonstrated that people can be comfortable in much wider temperature ranges than those prescribed by comfort standards if they have the freedom to react to changing conditions. This “Adaptive Thermal Comfort” model, which leans heavily on local heating/cooling sources and clothing insulation, is at odds with the established comfort standards, which are based on research in climate chambers. [11]

			Climate chambers are special laboratories in which the temperature, humidity and air speed are precisely controlled, while the subjects’ thermal comfort is measured. All subjects are made to perform the same task, wearing the same clothes, and sitting in a fixed location. They can’t change clothes or activity or move closer to a heating or cooling source, while these actions could have large consequences for their thermal comfort. Comfort standards—which are the guidelines for most architects and engineers—treat us as if we are passive beings living in climate chambers. We have come to believe that we are.
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			A human and a dog stay warm in a cold house with personal heating and insulation, such as a hot water bottle, hooded chair, blanket, electric carpet, and small radiant heating panel. Illustration by Marie Verdeil.
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			Sunbathing in the living room: tile stoves and other radiant heating systems

		

		
			There are few modern heating system devices that can match the comfort and energy efficiency of a tile stove with integrated bench seat, which combines heat transfer by radiation and conduction.

						December 2008

			Many people think that the metal stove was the succesor of the campfire and the fireplace. In the US, where there was never a shortage of firewood and therefore no incentive to improve the inefficient fireplace, this is true. However, in Europe and Northern Asia, there was an important and successful link between the fireplace and the metal stove. It is known as the Russian, Austrian, Finnish, Swedish or German stove, or as “kakelugn” (in Sweden), “pechka” (in Russia), “kachelöfen” or “steinöfen” (in Germany and Austria), and “tulikivi” (in Finland). More general terms are tile oven, tiled stove, soapstone heater or (in the US) masonry heater. 

			In the US, masonry heaters were introduced only 30 years ago, but in Europe the technology is almost one thousand years old. Especially in Russia, Scandinavia, and Central Europe the tile stove has a long and rich tradition. Tile stoves already appear on drawings and paintings in the 1300s. The tile stoves of today are not comparable to those of the middle ages. Significant improvements were made in the eighteenth century, resulting in a more efficient heating device—the Swedish “kakelugn”. The design was further improved in the 1970s by the Finnish, and the technology keeps evolving. [1][2][3]

			Tile Stoves: Advantages

			In contrast to modern heating appliances, which are made of metal, a tile stove is made out of some kind of stone or brick. Metal heats up fast, but it also cools down just as quickly. Therefore, a metal heating appliance has to be fuelled almost continuously. Stone requires more time to heat up, but once warm it holds the heat much longer. A tile stove is only fired for a short time, from a quarter to an hour to one or two hours, and only once or twice per day. The tile stove then radiates heat into the space for 12-24 hours. 

			The high thermal mass of a tile stove allows wood combustion at very high temperatures without overheating the room. The main part of a tile stove consists of a labyrinth of smoke channels and smoke rooms. Their aim is to hold the warm combustion gasses inside the stove for as long as possible, so that the brick or stone can absorb the heat before it leaves the chimney. This results in a high heating efficiency (up to 90%), compared to 40-50% for metal stoves or central heating systems, and only 10-15% for a fireplace, where most heat escapes through the chimney. Consequently, a tile stove has a much lower wood consumption than a common wood stove or a fireplace. A modest masonry heater heating a room of 60 square metres only needs 6 cubic metres of wood per year. In combination with locally and sustainably sourced firewood, the tile stove beats any modern heating device in terms of sustainability and resilience.

			The high combustion temperature of a masonry heater has another advantage: low air pollution. Wood consists for two thirds out of combustible gasses and for one third out of combustible material. If wood is burned at a high temperature (1100-1200°C), 99% of it is converted to CO2 and water vapour, and almost no smoke and ash are produced. A metal wood stove, on the other hand, only reaches a temperature of 650 to 750°C, with an incomplete wood combustion as a result. In this case, much of the combustible gas escapes as smoke via the chimney. Furthermore, in practice the combustion temperature of a wood stove is even lower. The fire is often quelled by diminishing the supply of air, if not the room would overheat by the fast release of warmth by the metal appliance. In contrast, a tile stove is always stoked at full power, even if a lower temperature is desired. In that case, you simply stoke a smaller portion of wood, or you stoke less often.

			High combustion temperatures are also safer. Because a tile stove burns wood cleanly, and because most of the heat is given off to the masonry structure, a chimney fire is almost impossible. In the case of an incomplete combustion, the chimney gets ever more densely set with creosote, which is prone to lead to a fire if the chimney is not regularly cleaned.

			Tile Stoves: Forms and Dimensions

			A tile stove can take almost any form or dimensions. It can be almost invisible, built into a wall or underneath a staircase. However, it can also be an impressive work of art in the middle of the living room. Nowadays, masonry heaters can be built by craftspeople or put together from premanufactured parts. The second option is cheaper, but it limits you to the available forms and sizes. 

			A tile stove heats dominantly by radiation – electromagnetic energy, comparable to the heat of the sun. However, because the exterior of a tile stove gets much less hot than the exterior of a wood or gas stove, it can also heat by conduction – through direct physical contact between a human and the heat source. This quality is often used to integrate a bench or couch into the stove, a luxury that few other heating appliances can offer. In Russia, it used to be a habit to install beds atop of a tile stove. 

			The low surface temperature of a tile stove has another advantage: there is no scorching of dust as is the case with a metal wood or gas stove. A tile stove is also practical to keep pots and pans warm, or to dry laundry – metal stoves are usually too hot and compact for that. Some tile stoves are also equipped with hot plates and an oven, so that they can also be used as a cooking appliance, often through a second, smaller stokehold. 

			Tile Stoves: Disadvantages

			The superior comfort and efficiency of a tile stove is not for everybody, though. First of all, they are by far the largest and heaviest heating systems around. A modest tile stove weighs at least 800 kg, and very big ones can weigh up to 5 tonnes or more. Consequently, ample space and a sturdy floor should be available. Obviously, you also need a chimney, which has become uncommon in newer buildings. Furthermore, tile stoves built by craftspeople are forever attached to the house they were built in, so they are not an attractive option for tenants. Costs may be another obstacle. A tile stove is much more expensive than a wood stove, although its price can be lower than that of a heat pump or a pellet stove.

			Another disadvantage of tile stoves is that they cannot provide heat quickly. If you fire a normal wood stove or a modern heating system, you are almost immediately rewarded with heat. In contrast, a tile stove only starts supplying heat a few hours after it has been fired. This makes it best suited for spaces that are regularly occupied, in which case thermal comfort can be maintained permanently by firing the stove every 12-24 hours. Because of its relatively slow responsiveness, a tile stove also requires you to keep an eye on the weather forecast. If you have burnt too much wood in the morning, there’s no way to lower the heat production of the tile stove in the afternoon; for instance, when the sun breaks to the clouds and quickly warms up the house. Likewise, if you have burnt insufficient wood, there’s no way to raise heat production in case the outside temperature drops unexpectedly. You have to guess what the weather is going to be like in the next 12-24 hours. A tile stove is thus most practical in climates with consistently cold winter weather.

			Finally, like any other local and radiant heating source, a tile stove only provides warmth in the space that it’s built in, not in other rooms. Opening the door to another room will not have much effect, because that room lies in the “shadow” of the electromagnetic waves. To counter this issue, multiple tile stoves can be constructed in several rooms, and large tile stoves can be built through floors or walls to distribute warmth throughout a building. Heat could also be distributed from a tile stove via water pipes. However, as a general rule, a tile stove is better suited for large spaces than for buildings with many smaller rooms.

			Thermally Active Building Surfaces

			With the arrival of the public water supply in the nineteenth century, a new radiant heating system appaired: building surfaces heated by hot water running through a circuit of metal pipes. While these systems are generally known as radiant or heated floors, many prefer the term “thermally active building surfaces” because the technology also works in walls and ceilings. Furthermore, unlike a tile stove warmed by combustion, thermally active building surfaces can also cool a building, which is achieved by running cold water through the pipes. [4]

			Thermally active building surfaces are older than the nineteenth century. The Romans warmed their bath houses and large villas with hypocausts, central heating systems that distributed the heat from an underground fire through flues in floors and (sometimes) walls. However, because of its high energy density, water is a better medium for heat transfer than air. The water pipes can be much smaller than the flue pipes, and the fire risk is greatly reduced. Nowadays, both copper pipes and polyethylene (“PEX”) tubes are used to distribute hot (and cold) water. 

			Like tile stoves, thermally active building surfaces have a high thermal mass, which means that they can’t give off heat quickly. Unlike tile stoves, however, they distribute warmth more evenly throughout a space. With a thermally active building surface, the whole room will be comfortable, regardless of how many people are inside and how much space is being occupied. Because of the large heating surface, water temperatures can be relatively low, usually less than 30ºC (86ºF). Heat pumps and solar collectors are very efficient in delivering these low temperatures. 

			Thermally active building surfaces can also work with electricity instead of water. If the electricity is supplied by wind turbines or solar panels, the thermal mass of the building envelope can serve as energy storage. However, electrically heated building surfaces can only be used for heating, not for cooling. 

			The main disadvantage of heated building surfaces is that they require radical building renovation, because the floor, the wall or the ceiling has to be broken away and built up again. Furthermore, thermal insulation is a necessity for outer walls or a great deal of heat will be lost to the outside. Therefore, thermally active building surfaces are most suited for new buildings. However, if we are looking for solutions to decrease energy use in the buildings that we already have, and to save energy in temporarily heated spaces, we should look for other options.

			Infrared Heating Panels

			The newest radiant heating systems are infrared panels, which can be operated by electricity or water. They can be useful both as an alternative or as a complement to a tile stove or a heated building surface. Hydronic (water-based) radiant heating panels came on the market some 50 years ago, while electric radiant heating panels date from the late 1990s. Both technologies have evolved a lot in recent years. [5][6] In hydronic panels, heated water flows through plastic or copper tubes attached to a metal plate, which then radiates heat into the space. Electric panels look very similar, but the heat is produced by electrical resistance. Hydronic radiant panels can also cool a building, which electric radiant heating panels cannot do. On the other hand, electric panels are often easier to install.

			Hydronic radiant heating panels should not be confused with the so-called “radiators” that are common in many European buildings. While these are hydronic heating systems, too, their design is aimed at producing the largest share of convection possible (which is why they should actually be called “convectors”). The metal surfaces of such convectors are facing each other, so that most of the heating surface can’t radiate heat to people directly. Instead, they radiate heat to each other. This warms the air in between the surfaces, which then rises and heats the space by convection. In contrast, the complete surface of a radiant heating panel is facing towards the interior of the room, which increases the share of radiation in the total heat transfer. 

			Today’s electric radiant heating panels should not be confused with older – and much better known – electric radiant heating panels which produce a glowing red light when in operation. Such heating devices are “shortwave” heaters, while the newer radiant heating panels are “longwave” radiators. They produce no visible light (they are “dark radiators”) and have much lower surface temperatures. 

			Like tile stoves, radiant panels heat locally, creating warmer micro-climates within a cooler space. However, because infrared heating panels have a thin metal heating surface with little or no thermal mass, they can produce heat quickly. This makes them interesting options for use in less frequently used spaces and in more changeable climates, situations in which tile stoves and thermally active building surfaces are less beneficial. Because radiant heating panels can provide warmth quickly, a room need only be heated when somebody enters it. Electric panels are the most responsive – it takes less than 5 minutes before they radiate heat at full power. [5] 

			Furthermore, infrared heating panels are as light and compact as a tile stove is heavy and bulky, and, unlike heated building surfaces, they are easy to install in an existing building. Radiant panels can be mounted on the walls or the ceiling, they can be free-hanging, or recessed into a suspended ceiling system. This makes it practical to use them in multiple rooms, and it also makes them suitable for tenants, who can take their heating system with them when they move to another place. On the downside, the heating surface of a radiant panel cannot be touched safely because burns would occur immediately. This means that heat transfer through conduction is impossible.

			Infrared heating panels can also be combined with tile stoves and thermally active building surfaces. For instance, when you arrive in a cold house, an infrared heating panel can provide warmth quickly while you are waiting for the tile stove to come up to temperature. Likewise, the combination of a “fast” and a “slow” radiant heating source offers more possibilities when dealing with changeable weather conditions. Different radiant heating sources can also complement each other in different rooms of the same building. For example, a tile stove in the living room can be combined with radiant heating panels in less frequently used bedrooms and bathrooms. 

			However, it’s important to note that radiant heating panels lose part or all of their efficiency advantages over high thermal mass heating systems when they are used continuously in frequently occupied rooms. The same holds true if they are used to heat a whole space instead of creating micro-climates. In short, they are not a sustainable choice by definition – it depends how they are used.

			Hybrid Heating Systems

			Some radiant heating technologies blur the lines between the systems we have discussed. For example, some electric and hydronic radiant heating panels have a high thermal mass of natural stone, which basically turns them into an electric or hydronic masonry heater. The high thermal mass lowers the surface temperature, so that these heating elements can also provide heat transfer through conduction when we lean against or sit on them. In fact, radiant heating panels or thermally active building surfaces could be designed in the form of a tile stove. Rather than a labyrinth of smoke rooms and channels, such a device would have a network of water pipes or electric heating elements inside a thermal mass of stone. Obviously, such heating devices lose the advantage of quickly providing heat and are more suited for continuous operation.

			Conversely, some electric and hydronic heating systems create thermally active building surfaces with little or no thermal mass, using mats (electricity) or interconnected prefabricated lightweight panels (water) that can be attached to a building surface. These systems can be just as responsive as radiant heating panels, but they distribute warmth throughout a space rather than locally. They are also easier to install than high thermal mass systems, and can be used in existing buildings.

			Vertical or Horizontal Radiant Heating?

			A 100% radiant heating system does not exist. The sun produces 100% radiation, but it sits in a vacuum. On Earth, the surface of a heating system will always make contact with air, which is warmed by conduction and rises. Therefore, a radiant heating device is defined as a heating device in which the share of radiant heat in the total heat transfer is equal or larger than 50%. 

			The share of radiant heat transfer mainly depends on the orientation of the radiant heating surface. Downward facing radiant heating surfaces reach the highest share (up to 95%), while sidewards facing surfaces obtain 60-70% and upwards facing surfaces 50-60%. [5][7] This has everything to do with the natural, upward movement of hot air. Because downward convection doesn’t exist – warm air always rises – a downward facing radiant heat surface produces almost no heating of the air. As a consequence, ceiling-mounted radiant heating surfaces are the most energy efficient: to produce a similar amount of radiation as a downward facing radiant heating panel of 250 watts, a sidewards oriented panel requires 325 watts and an upward facing panel 350 watts. [5]

			However, this doesn’t mean that the ceiling is by definition the most appropriate place for a radiant heating source. Humans find themselves mostly in vertical position during waking hours, either standing up or sitting down. So while a ceiling-mounted panel maximizes radiant heat production, a vertically positioned panel maximizes radiant heat reception. [8] A larger part of the body will be irradiated directly when the heating surface is vertical. If the heating surface is aimed upwards or downwards, most radiant heat will pass along the body, limiting the direct heating effect.

			This article is based on two older articles: “Sunbathing in the living room: tiles stoves” (2008) and “Radiant & Conductive Heating Systems” (2015). 
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			Tiled stove in a house rebuilt at Latvian Ethnographic Open-Air Museum. Image by Dezidor (CC BY 3.0 DEED).

		

		
			
				[image: ]
			

		

		
			
			

		

		
			Tile stove in the waiting room of a train station in Deda, Romania. Image by Smiley.toerist (CC BY-SA 4.0 DEED).
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			Swedish tile stove. Swedish National Heritage Board. Credit: Bengt A Lundberg / Riksantikvarieämbetet (CC BY 2.5 DEED).  
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			Abandoned tile stove in defence barracks, Torgau, Germany. Interior view 2023. Image by Lutz Lange (CC0 1.0 DEED).
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			Tile stove with benches in the Villa di Geggiano, Italy. Image by Sailko (CC BY 3.0 DEED)

		

		
			
				[image: ]
			

		

		
			
			

		

		
			A tiled stove in the former residence for the senior doctor of the Oulu city hospital in the Tuiranpuisto park in Oulu, Finland. Image credit: Estormiz (CC0 1.0 DEED).
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			A tiled stove drying clothes in the Museum Fürstenberger Hof, Germany. Image credit: Pierre Poschadel (CC BY-SA 4.0 DEED).

		

		
			Parlour of the Anhalter Hütte in the Lechtal Alps. Credit: Werner Markl (Atelier Egger), Photographer Martin Grüneis (CC BY-SA 4.0 DEED).
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			Tiled stove in “Tautes Heim”, a private accommodation that has been completely restored true to the original and furnished in the style of the 1920s by Katrin Lesser and Ben Buschfeld. Source: www.tautshome.com. Image by Ben Buschfeld (CC BY 3.0 DEED).
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			Tiled stove in a disused waiting room in the train staion of Cekcyn, Poland. Image by Ciacho5 (CC BY-SA 4.0 DEED).
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			Combined masonry heater and cooker. Image credit: Jeronimoven (CC BY-SA 4.0 DEED)
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			Parlour with tiled stove from 1775. Haus Hinter Zünen 8, Switzerland. Image credit: Adrian Michael (CC BY-SA 4.0 DEED).
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			Tiled stove from the Spielberg Fortress in Brno, Czech Republic, produced by the Angermayer Ceramic Workshop, painted by Karl M. Adlmannseder. Depictions from the life of Prince Eugene. Image credit: Angerker (CC BY-SA 4.0 DEED).

		

		
			Two giant tile stoves in the waiting room of the Catherine palace, Saint-Petersburg, Russia. Image credit: sailko (CC BY-SA 3.0 DEED).
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			Tiled stove in Spreewald, Germany. Image credit: Torsten Maue (CC BY-SA 2.0 DEED).
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			Heat Storage Hypocausts: Air Heating in the Middle Ages

			The heat storage hypocaust could keep a room warm for days with just one firing of the furnace.

					March 2017

			The Romans are credited with the invention of the first smoke-free heating system in Western Europe: the hypocaust. Until recently, historians had assumed that its technology was largely lost after the collapse of the Roman Empire. In fact, however, it lived on in large parts of Europe, and was further developed into the “heat storage hypocaust,” an underground furnace on top of which granite stones would be piled, to then release hot air through vents in the floor. By this means, a room could be kept warm for days with just one firing of the hypocaust’s furnace.

			Hypocausts

			Hypocausts were heating systems that distributed the heat from an underground fire throughout a space beneath the floor. The heat was absorbed by the floor and then radiated into the room above. The effect on thermal comfort must have been similar to that of a modern-day hot water or electricity-based radiant floor heating system. The Roman hypocaust was characterised by its under-floor flue passages, created by small pillars bearing the floor’s paving slabs. Sometimes, the heat was also fed through cavities in the walls before escaping from the building, thereby warming up the walls, too.

			The Romans were not the first to develop a heating system in which the heat from a fire was fed under the floor from one side of a room to the other. The Chinese kang and dikang, the Korean ondol and the Afghan tawakhaneh were based on similar principles and date back to even earlier times. What’s more, the Romans probably learned the technology from the Greeks. Nevertheless, it was the Romans who developed the hypocaust into a more sophisticated heating system, especially in their public bath houses, which were built all across Europe and around the Mediterranean.

			For a long time, historians believed that the fall of the Roman Empire in around 500 AD marked the start of a hiatus in Europe’s use of smoke-free heating. Nevertheless, although most public baths fell into disrepair in the Western Roman Empire, hypocausts continued to be built and used in the Early Middles Ages, especially in monasteries. The technology also lived on in the Eastern Roman (Byzantine) Empire and was adopted in the hammams of the Arabs, who reintroduced the hypocaust to Western Europe when they built the Alhambra palace in the 13th century. [1]

			Smaller and cheaper systems, using ducts instead of pillars, also continued to be used, especially in smaller buildings. These hypocausts only heated part of the floor, but were much easier to build. We found just such a hypocaust in a remote village in Spain, which is still in use today.

			Heat Storage Hypocausts

			With the spread of Christianity and its monasteries to Northern Europe, the Roman hypocaust proved too inefficient for the region’s colder climes. The first half of the 14th century, or possibly even earlier, saw the start of the practice of piling up granite stones on the top of the furnace vault to accumulate heat. [1] [2] Far from a simplified medieval imitation, the heat storage hypocaust represented a further stage in the development of this ancient technology. [3]

			Unlike the Roman hypocaust, which was based on radiant heating, the heat storage hypocaust provided convective heating. The room to be heated featured a perforated “hot plate” above the pile of granite stones. Its perforations remained closed while the fire was burning, so that the smoke was kept out of the room and could escape through the chimney or a cavity in the wall. When the firing was complete and the furnace had been cleaned, the smoke flue was closed by means of a damper, the vents in the hot plate were opened and hot air rose from the pile of stones into the room. [2] [3]

			Because of their poor heat storage capacity, Roman hypocausts had to be fired continuously. Adding a stone chamber to create the heat storage hypocaust made it easier to accumulate heat, meaning it was no longer necessary to keep the furnace constantly lit. In 1822, a number of experiments were conducted to establish the effectiveness of a then 400 year-old heat storage hypocaust in Poland’s Malbork Castle. One such experiment involved heating the castle’s 850 square-meter banqueting hall. [1] [3]

			A Weekly Fire

			On 3 April, a cold furnace was lit for three and a half hours using 0.7 cubic meters of spruce wood. When the vents in the hot plate were opened, hot (200 ºC) air rushed into the banqueting hall, raising its temperature from 6 to 22.5 °C in just 20 minutes. The air vents were then closed. By the following morning (4 April), the room’s air temperature had fallen to 14°C. The air vents were opened and the temperature rose to 19 °C in one hour–without any additional fire being lit.

			On 5 April, the temperature of the air escaping through the vents was 94 °C and the room temperature rose from 10 to 16 °C in half an hour. On 6 April, three days after the fire was extinguished, the air was still hot enough to raise the room’s temperature from 10 to 12 °C. Even on 9 April, a full six days later, the warm (46°C) air rising from the vents managed to lift the temperature in the hall from 8 to 10°C.

			During his 1438 trip through Europe, the Spanish traveller Pero Tafur wrote that people placed “seats above the holes, also with holes in them. The people then sit down on those seats and unstop the holes and the heat rises between the legs to each one.” [3] This is reminiscent of the footstoves used in Northern Europe during the Middle Ages.

			Baltic Sea Region

			The heat storage hypocaust was mainly used in the Baltic Region–Northern Germany, Denmark, Sweden, Finland, Estonia, Latvia, Lithuania, and Poland. To a lesser extent, they have been found further to the south and east, in places such as Western and Southern Germany, Switzerland, Austria, the Czech Republic, Hungary and Russia. Most were built in the 1400s and 1500s. [1]

			Research into the history of heat storage hypocausts continues today. In his groundbreaking 1998 study, Klaus Bingenheimer estimated that Medieval Europe boasted a total of 500 hypocausts, of which 154 were of the heat storage variety. [4] Since then, however, many more have been discovered. For example, while Bingenheimer had evidence for only two heat storage hypocausts in Estonia, a 2009 paper by Andres Tvauri listed 95 heat storage hypocausts, either still standing or whose location had been documented. [2]

			In total, around 500 heat storage hypocausts have now been documented in the Baltic Region and, according to the latest estimates, there must have been at least 800–1,000 of them by the end of the 15th century [1], their use spreading from monasteries and castles to other public buildings, such as almshouses, town halls, guildhalls and hospitals. In Old Livonia, which covered present-day Estonia and Latvia, the technology also found its way into private homes. In Tallinn, Estonia’s capital, a heat storage hypocaust was not the exception, but the rule, and at least 54 such systems have been discovered there. [2]

			Hypocausts in Tallinn

			Andres Tvauri’s overview of the heat storage hypocaust in Estonia, one of the few available resources in English language, provides a wealth of technical details. Special covers or plugs, made of metal, stone or fired clay, were made to seal the hot air vents in the floor’s “hot plates.” Small ceramic dishes have been found, placed on the hot stones directly under these venting holes. It is assumed that water was poured on them, to produce steam and thereby increase the air humidity level. [2]

			The furnace was covered with a barrel vault on which the stones, with diameters of 40 to 50 cm, were piled to accumulate heat. The vault’s bricks were laid to form three or four arches, with intervals of about 20 cm between them and medieval builders probably used an old vat in helping to shape the arches of the vault. When the furnace was completed, a fire was built in the vat.

			A furnace’s dimensions would depend on the size of the room to be heated. In private homes, where only the bedroom was heated, it would be one to two meters long, a little more than a meter wide and 50 to 60 cm high. In public buildings and monasteries, where large halls and rooms had to be heated, the furnaces would be much larger.

			Tile Stoves

			Heat storage hypocausts were only used for a fairly short period of time. By the fifteenth century, glazed tile stoves were already spreading through the Baltic countries. The tile stove is a radiant heating system with an interior maze of brick or stone channels designed to accumulate a fire’s heat. It was more convenient to use and to build than the hypocaust, not to mention more energy efficient, as it takes less energy to heat people than to heat spaces.

			Although it was possible to heat at least two separate rooms by means of one furnace, as a rule, the hypocaust was located under the heated room or rooms, which were always on the ground floor. Tile stoves could be built anywhere, even on a building’s upper floors. Over the course of the 16th century, Old Livonia stopped using the heat storage hypocaust, which was replaced by a glazed tile stove, often built exactly where the hypocaust’s furnace had previously stood. Elsewhere, in Poland for example, some heat storage hypocausts remained in use until the 18th and 19th centuries. ←
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					The remains of a heat storage hypocaust in Tallinn, Estonia. Image courtesy of Kaarel Truu.
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					The remains of a heat storage hypocaust in Tallinn, Estonia. Image courtesy of Kaarel Truu.
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					Air vents in the floor of the Malbork castle in Poland. Image by Robert Young (CC BY-NC 2.0).
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					Hot air vents in the floor at Malbork Castle, Poland. Image by mahazda, public domain.
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					A Roman hypocaust (without heat storage). CC BY-SA 3.0, Wikimedia Commons.
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					A heat storage hypocaust. Source: Bingenheimer K. “Die Luftheizungen des Mittelalters. Zur Typologie und Entwicklung eines Technikgeschichtlichen Phänomens”, 1998, Verlag Dr. Kovac.
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			The Revenge of the Circulating Fan

			Cooling people by increasing local airflow is at least ten times more energy efficient than refrigerating the air in a given space.

					September 2014

			The Rise of Air-Conditioning

			Compressor-based cooling or air-conditioning (AC) puts increasing pressure on electric grids worldwide. In the USA, the birthplace of the technology, AC accounts for approximately 20 percent of year-round electricity consumption by American households, and 15 percent of total electricity use. [1]

			The widespread use of AC explains in large part why Americans use so much more electricity than Europeans: AC electricity use by an American household equals 60 percent of all electricity used by the average European household. [2]

			Except for the few temperate regions on the West Coast, air conditioners are now standard in most American homes. [3] While only 12 percent of American households had AC in 1960, this number increased to 87 percent in 2009. [1] Furthermore, the average air-conditioned home consumed 37 percent more energy for cooling in 2005 than it did in 1993 — in spite of a 28 percent increase in AC energy efficiency. Part of the increase in energy use is due to the switch from window units (which cool one room) to central air-conditioning (which cool the whole building), and in part to the growing cubic footage of houses and apartments. [1]

			Peak Power Demand

			Even worse is the impact of air-conditioning on peak power demand. Obviously, the use of AC is not spread equally throughout the year, but concentrated in the summer months. On very hot days, many air-conditioning units are set to a maximum position, and as a consequence demand for electricity spikes. Hundreds of American power plants and a great many miles of transmission and distribution lines are needed on average only two or three days per year, while they sit idle for the rest of the time. Peak power demand is growing faster than average power demand, and compressor-based cooling is an important reason for this. [4] [5]

			When we look at greenhouse gas emissions, another problem comes to light. AC not only produces emissions originating from electricity production. There is also the leakage of refrigerants, which are gases that — although they remain in the atmosphere for a shorter time — have a much higher global warming potential than CO2. The irony is that the substantial greenhouse gas emissions from air-conditioning bring us hotter summers, which in turn stimulates the use of air-conditioning. Another feedback loop is the “heat-canyon effect:” by blowing warm air out from buildings, AC heats up the streets, in its turn raising the need for more AC. [1] [6]

			While the USA remains the absolute champion of air-conditioning, the technology is also gaining importance in the rest of the world. For example, between 1997 and 2007, the number of Chinese households owning air-conditioning tripled, with the annual number sold reaching more than 20 million. [1] By 2020, energy consumption for air-conditioning in India is projected to grow almost tenfold compared to its 2005 level. [1] Even in the temperate climate of Europe, AC is advancing, especially in the commercial sector. For example, in the UK, based on currents trends, 40 percent of commercial floor space will have AC by 2020, compared to 10 percent in 1994. [6]

			The Historical Evolution of the Fan

			Throughout history, humans have used energy to keep themselves warm during the winter months. The use of energy to keep cool in summer, however, is a relatively recent phenomenon. Before the advent of air-conditioning in the first half of the twentieth century, buildings in hot climates were designed for natural ventilation (see further), and people adapted to the heat by changing their routines. However, air-conditioning was not the first technology that used energy for cooling: circulating fans predate AC by centuries.

			For most of history, fans were human-powered. Hand-held fans were used by ancient Egyptians, Babylonians, Persians, Chinese, Greeks and Romans. Most often, fans were waved by servants in order to cool their masters and to scare away insects. The folding fan, which people used to cool themselves, was invented by the Japanese in the ninth century, and introduced to the west by Portuguese sailors during the Renaissance. [7]

			The first remotely operated fans were “pankha” or “punkah,” developed in the 1500s in India and the Middle East. These rectangular canvas covered frames, suspended overhead, were waved back and forth by servants (called “pankwallah” or “punkawallah”), who pulled a rope against a counterweight while seated outside the room. [10]

			Rotating fans appeared in the eighteenth century, and these were initially human-powered, too. During the same century, however, clockwork fans appeared, driven by a wind-up mechanism. In the nineteenth century, fans were powered by waterwheels, steam engines, or small water turbines running on tap water from the town mains. The first electrically powered circulating fan appeared in the USA in 1882.

			How to Keep People Cool?

			The four environmental factors that determine human thermal comfort are air temperature, air velocity, air humidity, and radiant temperature. Each of these variables can be manipulated to cool (or heat) people.

			Air-conditioning lowers air temperature and (if necessary) air humidity. A lower air temperature increases heat loss from the body through convection, while a lower air humidity increases heat loss from the body through evaporation of moisture from the skin (which also occurs when we are not sweating). Circulating fans increase air velocity, which accelerates heat loss from the skin through convection and evaporation. Heat loss through evaporation increases with the square of the air velocity. [8]

			Radiant cooling — another method of keeping humans comfortable — works by lowering the temperature of the surfaces in a space. This is achieved by circulating cool water through plastic tubes in building surfaces, such as walls, floors, ceilings, or in modular panels. Radiant systems cool people by increasing heat loss from the body through radiation, but there is also an indirect, limited, and delayed decrease of air temperature. This is not so in the case of circulating fans, which have no effect on air temperature. [8] Either way, both circulating fans and radiant cooling systems can provide thermal comfort at higher air temperatures during hot conditions.

			Why AC is Inefficient

			Air-conditioning is the least energy efficient way of cooling people, because it implies that all the air in an enclosed space needs to be refrigerated (and, if necessary, dehumidified) in order to cool the occupants. The larger the space and the fewer the people within it, the more energy it will take to cool each occupant. Like air-conditioning, circulating fans cool people by encouraging heat loss from the body through convection and evaporation. However, moving air around requires much less energy than refrigerating it.

			Moreover, the cooling effect of circulating fans can be applied locally and has immediate effect. Fans circulate air around the body, while leaving the air in unoccupied parts of the space unaffected. Likewise, it is not necessary to keep the air circulating when nobody is around. Upon entering a room, turning on a fan has an immediate effect. Air-conditioning, on the other hand, needs time to cool down a space. As a consequence, a space will often be air-conditioned even when nobody is around, in order to provide immediate comfort when somebody enters it.

			Another disadvantage of air-conditioning is that it requires an airtight, enclosed space in order to keep the refrigerated air inside. Circulating fans and radiant cooling systems, on the other hand, work indoors as well as outdoors. They can be combined with natural ventilation, taking advantage of an additional, free cooling effect when it is available. Both cooling systems appear in nature: wind is the natural counterpart of a fan, while cold surfaces such as those of seas, lakes, or caves are the counterparts of radiant cooling surfaces in a building.

			The Cooling Potential of Circulating Fans

			The cooling effect of circulating fans is substantial. An air speed of roughly 1 m/s is capable of offsetting a 3 °C (5.4 °F) increase in indoor temperature, while an air speed of 3 m/s has a cooling effect of roughly 7 °C (12.6 °F). [10] For comparison, these modest air velocities correspond with an outdoor wind speed of Beaufort 1 and 2, respectively. The lower the air humidity, the higher the cooling effect of a given air speed. Fan configuration is another important variable, because the airflow from fans usually reaches only certain parts of the body surface.

			Ceiling fans produce the least cooling for a given air speed, as they affect a smaller part of the body. However, they have other advantages: they don’t require floor or desk space and they can have very large diameters, which enables them to cool a larger area. Floor fans aimed at the back or the chest provide the most cooling, while the cooling effect of desk fans sits in between these extremes — the face appears to be very sensitive to the cooling effect of air movement. [12]

			In recent years, several studies have calculated the cooling effect of different fan configurations at various air velocities and relative humidities. A 2013 study using ceiling fans found that subjects were comfortable up to 30 °C (86 °F) and 60 percent relative humidity with an air speed of 1.2 m/s, and up to 30 °C and 80 percent relative humidity with an air speed of 1.6 m/s. At 60 percent relative humidity, subjects would be comfortable at temperatures higher than 30°C, but these conditions were not investigated. During the experiment, which took place in a climate chamber, subjects were wearing light clothing and performed light activity (for example, computer work at a desk). [12]

			The same authors conducted a similar study with personally controlled floor fans. In this case, subjects were comfortable at a temperature of 30 °C (86 °F) and 60 percent relative humidity with an air speed of only 1 m/s. However, the maximum air speed of the floor fans was not sufficient to deliver thermal comfort at 30 °C and 80 percent relative humidity, in which case only 60 percent of subjects felt comfortable (comfort standards require at least 80 percent of people to be comfortable in a given condition). The researchers concluded that increasing the maximum air speed could further improve the results. [12]

			Earlier experiments with personally controlled fans showed that thermal comfort could be maintained up to 31 °C (88 °F) and 50 percent relative humidity with an air speed of 1.6 m/s, while studies in Thailand and Hong Kong have shown that subjects were comfortable at temperatures well above 30 °C (86 °F) and a relative humidity up to 85 percent with air speeds up to 3 m/s. [12]

			Energy Savings of Circulating Fans

			Circulating fans can save large amounts of energy, either by lowering the energy use of air-conditioning, or by completely obviating the need for it. International comfort standards dictate a very narrow comfort zone for air-conditioned buildings in summer, which is between 23 °C and 26 °C (73–79 °F). [11] However, if air-conditioning is supplemented by the cooling effect of circulating fans, a building’s interior can be allowed to fluctuate within an expanded temperature range while maintaining the occupants’ thermal comfort.

			Warmer thermostat temperatures can bring about large energy savings. For every rise in degree celsius above 25 °C (77 °F) in the thermostat setting in summer, a cooling energy saving of between 9 and 12 percent can be achieved (5 percent per degree F). Obviously, the energy consumption of fans should also be taken into account. For ceiling fans running at high speeds, energy use is approximately 2 percent of the air conditioning savings, leaving net savings from between 7–10 percent for every degree celsius of thermostat rise.Consequently, if fans allow a thermostat setpoint of, for example, 29 °C (84 °F) instead of 24 °C (75 °F), the net savings amount to 35–50 percent. [10]

			The new generation of fans with DC motors and magnetically levitated bearings have remarkably low energy consumption. In the earlier mentioned study, thermal comfort up to 30 °C (86 °F) could be provided by fans using less than 10 watts, increasing energy savings up to 70 percent. Even very low-wattage fans (3W) which produce an air speed of 1 m/s near each occupant are capable of offsetting a 3 °C (5.4 °F) temperature rise, saving around 30 percent of cooling energy. An additional benefit of the low energy use of these fans is that they can be easily operated via battery power during blackouts. [12]

			In more moderate climates, the use of circulating fans in combination with na­tural ventilation or radiant cooling systems could easily allow people to get rid of AC altogether. 

			The Limitations of Fans

			The faster the air moves over the skin, the faster heat is lost from the body. Unfortunately, there is a fundamental limit to the cooling effect of circulating fans: they can only provide cooling at air temperatures below the mean skin temperature, which is about 35 °C (95 °F). Fans cannot cool people above that treshold, because moving air cannot reduce the skin temperature below the ambient temperature — no matter how high the air speed.

			Despite this limitation, fans remain extremely useful at temperatures above 35 °C (95 °F), because they can be used in conjunction with air-conditioning. For instance, instead of cooling down a space to 24 °C (75 °F), the aircon can cool it to 29 °C (84 °F), which is a comfortable temperature if combined with fans. When used in tandem, the energy savings during heat waves would be around 50 percent compared to using AC alone.

			Greater Comfort

			The use of fans can increase thermal comfort in multiple ways. The main difference between air conditioning and circulating fans is that AC subjects all people in a space to the same thermal environment, while fans allow the creation of personal microclimates. People react differently to similar temperatures, and have different clothing and activity levels. Therefore, it is very unusual for people to reach unanimity on the AC thermostat settings. In offices, this problem is often exacerbated by the tendency to overcool the building, forcing some people to wear thick sweaters or even use electric heaters while outside temperatures are well above 30 °C (86 °F).

			Unlike air conditioning, fans can produce different thermal environments in a single space. If people have personal fans at their desks, they have control over their own thermal environment, greatly improving their relative comfort. Studies also show that circulating fans can significantly improve people’s perceived air quality, possibly by disrupting the body’s naturally-occuring thermal plume through which body odours and skin bioeffluents are carried to the breathing zone. [12] Like AC, fans offer a solution in regions plagued by flying insects, because these have trouble flying in the turbulent airflow of circulating fans. [10]

			Why are Fans Overlooked as a Cooling Option?

			If fans are so effective and comfortable, why is their use not more widespread? Because until very recently, international comfort standards limited air movement indoors to a meagre 0.2 m/s in order to avoid drafts. [8] [14] Obviously, avoiding drafts is very useful during the heating season, because in that case the powerful cooling effect of moving air is counter-productive. The fact that air speed was limited to the same level in summer, however, can only be explained by the fact that American comfort standards are written by the national branch organization of the air cooling and heating industry (ASHRAE), protecting and promoting its own products. (Comfort standards outside the USA, such as ISO 7730 and EN 15251, are heavily influenced by ASHRAE). [11]

			Fortunately, these comfort standards have come increasingly under fire in recent years, as more and more studies show that higher air speeds can have a welcome cooling effect during the warm months. In 2010, the thermal comfort standard “ASHRAE 55” was revised to permit higher indoor air speeds: up to 0.8 m/s without local control of fan speed, and up to 1.2 m/s with local control of fan speed. Furthermore, at higher activity levels these limits do not apply at all.

			In ASHRAE 55–2013, which was presented less than a year ago, a further step was taken by defining air speed not as a single-point maximum speed but as the “average air speed,” being the average air speed at ankle, midbody, and neck level. This allows the fan system to include higher maximum local airspeeds in the occupied zone, since flows from fans are rarely equally high at all three levels. [12] [13] Although it will take some time before architects, engineers and national building codes adopt the new guidelines, it looks likes the circulating fan is back on track.

			AC has Produced AC-Architecture

			Meanwhile, however, a lot of damage has been done. While a renewed interest in circulating fans could save large amounts of energy when cooling buildings, there are limits to what can be achieved because the widespread use of AC has had a profound influence on architecture. Before the advent of air-conditioning, buildings in hot climates were designed in such a way that they were comfortable during summer months without the use of energy. They encouraged natural ventilation by, among other things, large porches, high ceilings, roof vents, sash windows, ventilation shafts, transoms over interior doors, and courtyards. Some houses were even built on stilts to allow for more air circulation. [1] [6] [9] [11]

			Traditional buildings in hot climates kept solar radiation out by using heavy construction materials, big eaves, reflective tin roofs, and growing shade trees around the house. Air conditioning did away with all these building elements and stimulated the use of lighter and cheaper building materials. Office blocks with H, T, and L-shaped footprints, which facilitated cross-ventilation, were replaced by massive, square blocks with very deep floor plans. Completely new building types emerged, such as office towers with fully glazed facades or enclosed shopping centers, which would be simply uninhabitable without air-conditioning because of the greenhouse effect. While fans could somewhat lower the energy use of air-conditioning in such buildings, energy consumption would remain very high. [1] [6] [9] [11] 
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					A low power ceiling fan in a home. Source: Big Ass Fans.
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					A large ceiling fan in a brewery. Source: Big Ass Fans.
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					Fans for indoor sports. Source: Big Ass Fans.
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					Fans in a restaurant. Source: Big Ass Fans.
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					Punkah wooden panel fan in Melrose antebellum house, (Natchez, Mississippi). By Etan J. Tal - Own work. CC BY-SA 4.0, Wikimedia Commons.
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					Patent drawing for a Fan Moved by Mechanism, November 27, 1830. Public domain, Wikimedia Commons.
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					The punkah was waved back and forth by servants who pulled a rope against a counterweight while seated outside the room.
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